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SUMMARY
The prime object of the thesis is to examine a number of 
different thyristor inverter circuits in order to obtain a guide 
to the most suitable system for single-phase induction motor speed 
control.
A search of the literature reveals a large number of papers 
and patents on inverter systems. In order to be able to compare 
these, meaningfully the thesis proposes a classification system and 
a list of ’goodness factors’. Inverters are first classified into 
bridge or push-pull. Within each of these groups further subdivision 
is then possible based on the method of voltage control used, and 
on the commutation system. Any classification group of inverters 
may be modified to enhance one particular property of the circuit.
Those dealt with in this thesis are modifications to increase or 
reduce voltage boosting, operation from an auxiliary d.c. commutation 
source and high frequency inverters.
Following a theoretical comparision of various typical inverter 
circuits, including computer generated harmonic analysis of the load 
waveforms, the performance of the bridge and push-pull inverters are 
studied experimentally. In order to cut down on development work 
required this study is limited to eight different inverter combinations. 
Generally the results are predictable from theoretical considerations 
of inverter operation and waveform analysis. The design of inverter 
circuits are also considered in the thesis and reference curves 
produced by a computer. -
The thesis concludes that although several different inverter 
systems may be used to control the speed of an induction motor, a 
push-pull motor is generally undesirable apart from use in special 
circumstances such as low supply voltages. Of the bridge circuits^ 
that using d.c. voltage variation as a method of changing the 
fundamental output would give a relatively simple system for 
single-phase motors. A patented modification to enable this to 
be obtained is described.
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Plate 1: Single phase variable frequency inverter control panel.
This inverter uses a coupled-pulse commutation system 
and quasi-square wave voltage control, as described in 
this thesis. The frequency meter is operated from a 
frequency/voltage converter connected to the inverter 
output.
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Plate 21 Single phase variable frequency inverter which uses a 
coupled-pulse commutation system and quasi-square wave 
voltage control* The modular construction enables 
inverter, power supply or electronic control sections 
to be readily modified if required.
Page
6
8
3* Classification of Inverter Circuits 10
k .  Classification of Inverter Circuits (Continued) 63
5® Specially Modified Inverter Circuits ' 90
6 . Experimental Investigation of Inverter Drive 108
Methods (Bridge Systems)
7* Experimental Investigation of Inverter Drive 1^3
Methods (Push-Pull Systems)
8.* Motor Performance When Connected to Inverter 166
Supplies
9* Conclusions 176
10. Appendices 183
(1) Eating of Inverter Circuits 183
(2) Bibliography 217
Chapter
1. Introduction
2. Methods of Control
v/imjri
INTRODUCTION
With the advent of the semiconductor power switch, the thyristor, 
interest in variable frequency drives for induction motors has been 
revived. Known as the work horse of industry the induction motor is 
used in a wide range of applications. Traditionally however it has 
suffered the disadvantage of being a constant speed motor. Conventional 
techniques using pole changing or stator voltage control produce either 
a costly system or one that is limited in performance. Solid state 
frequency changers have provided a solution. Although both inverter 
and cycloconverter frequency changers are in use, for small motors 
an inverter is cheaper and more versatile. It is therefore 
considered in this thesis as the basis for the single-phase 
induction motor drive.
In any drive it is important to study both the variable 
frequency source and the motor. Overall performance is what counts 
as far as the supply feeding the drive or the load is concerned.
However this thesis is primarily concerned with the inverter section.
There have been extensive works published on induction motors, several 
of these giving an excellent analysis of motor performance when 
connected to inverter supplies. Although most of these deal with 
three phase motors the results can readily be extended to single phase 
machines. When analysing the motor section of the drive full use is 
made of published material.
During the past decade there has been a flood of literature on the 
subject of thyristor inverters so much so that a detailed literary 
survey would be futile. Instead a comprehensive bibliography is given 
in appendix 2 where the published papers and British Patent Specifications 
are grouped under several headings. These groups are covered in the 
main body of the thesis. Like all published material very little of 
it is original. Patents specially are similiar to each other, and 
sometimes represent a minor modification which gets around an existing 
patent or has been filed simply to increase the patent portfolio of the 
company concerned. No claim is made for completeness of this list 
and many of the publications mentioned contain further references in 
themselves.
Due to the bewildering number of different inverter circuits 
available to the user it is essential to group them into some form of
classification system, by. means of which they may be meaningfully 
compared. An inverter is similiar to a thyristor chopper in that 
it requires the main thyristors to be forced commutated. Therefore 
a classification system based on the commutation method used can be 
adopted*. However this system must be modified for an inverter since 
there are two basic subdivisions of inverters, bridge and push-pull, 
and each of these can use several methods to control the output 
voltage (fundamental and harmonics) in addition of differing 
commutation methods. The classification system is described in 
detail in later chapters.
The proof of any system is in the practical realization of 
theoretical considerations. It is of course not possible to 
experimentally examine every inverter system. However eight inverter 
drives are selected as being representative and studied to verify the 
theoretical consideration regarding circuit waveforms and performance 
of inverter and motor. Throughout this study an effort is made to 
gain a greater insight into system operation and, if possible to 
obtain an answer to the question ’'which inverter drive system for a 
single-phase induction motor?”
* F.F. Mazda ”D.C. Line Control” Electronic Components 
December 1970 pp. 1369-1378.
METHODS OF CONTROL
■*»
Basically there are four methods for changing the speed of an 
induction motor*. However in’ all of them the principle is the same.
The motor torque is changed. The speed at which the motor then runs is . 
such that the new torque produced just balances the load torque plus 
motor losses. The motor torque is proportional to the stator flux and 
rotor current. Therefore if the supply voltage is reduced the stator 
flux will also decrease. This will mean that the motor will slow down 
to increase the rotor current and so balance the load torque, if this 
were at the original value. The opposite effect occurs for increasing 
voltages. Clearly a reduction in speed is obtained by increasing the 
motor slip frequency, so that the efficiency at low speeds is very poor. 
This method of speed control is also unable to supply constant torques 
down to low speeds since the motor flux decreases. It is best suited 
to controlling fan-type loads whose torque requirements vary inversely 
as the speed.
Motor speed can also be varied by changing the supply frequency.
This controls the speed of the rotating stator field and therefore the 
rotor speed. The slip at all speeds, even close to standstill is low, 
being just sufficient to overcome load torque. Stator voltage is 
changed proportional to frequency in order to maintain fcke constant 
air-gap flux. The efficiency over the whole speed range is therefore 
high and full load torque can be obtained right down to standstill.
The third method of speed control is to vary the rotor induced 
current by an external impedance while maintaining the stator voltage 
and frequency fixed. Low speed operation again requires large slip, 
the slip energy being lost in the rotor impedance. The efficiency 
produced is poor unless this energy is fed back to the supply by an 
a.c. line commutated inverter. This method of control can clearly 
only be applied to wound rotor machines and not to cage rotors, which 
make up the majority of single-phase induction motors.
In the final method of speed control the motor runs at a fixed high 
speed but is coupled to the load through a variable speed gearing* An 
example of this is an eddy current clutch which enables smooth continuous 
speed variation to be obtained. However the clutch operates on a
* F.F. Mazda "Control of induction motors using thyristors"
Electronic Components, July 1970 PP 777 - 782.
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speeds is again poor. The only advantage of this system is that the 
majority of the heat is generated in the clutch, where it may more 
easily be removed.
Variable frequency control is seen from the above discussion to be 
the most suitable for wide range speed control of small induction 
motoi’s. There are however two types of frequency changers**. The 
cycloconverter changes from a input at one frequency directly to 
another frequency output. An inverter on the other hand must operate 
from a d.c. supply. It is therefore more versatile than a 
cycloconverter and for low power drives proves to be simpler and 
cheaper. In the chapters that foliow variable frequency drives 
using inverters will be examined in greater detail.
** p.p. Mazda "Frequency Converters" Electronic Components, 
March 1971♦ ' ■
CHAPTER 5 
CLASSIFICATION OF INVERTER CIRCUITS
Current literature has been flooded by technical papers on 
thyristor inverters* In order to introduce some sanity into this 
field, and to simplify the choice of a control scheme for single-phase 
induction motors, a classification system is introduced in this 
section. Fig. 3*1* shows this in block schematic. Inverters can be 
divided into bridge configuration, '.which requires no output 
transformer, and push-pull, in -which an output transformer is 
essential. Within'each of these groups several voltage control 
techniques may be used. In an inverter voltage control is necessary 
either to maintain output at a constant value, irrespective of 
variations of the input voltage and load; or to change the output 
voltage as some function of the input frequency. The different 
voltage control systems are primarily concerned with the harmonic 
content in the waveform. Push-pull and bridge inverters may also be 
grouped into the different commutation systems adopted for the 
thyristors. Hot all commutation methods can be used with every 
voltage control technique, therefore the two blocks shown in Fig.3*1* 
are interdependent on one another. . '
“Goodness" factor
In order to evaluate several widely differing circuits it is 
necessary to establish certain factors on which to base the comparision. 
These are detailed below and discussed later with reference to typical 
systems. All comparisions are made on a qualitative basis since, 
depending on the application, some factors may be of more importance 
than others.
(1) Is it essential for the load to be centre-tapped, with the 
tv/o halves magnetically coupled together? Such a load is required for 
push-pull inverters and limits the applications for which it may be 
used.
(2) What is the harmonic content of the output waveform? 
Harmonics are important since they determine the size and complexity 
of any smoothing filter used. Filters are not commonly employed for 
motor drives. Even so it is necessary to minimise the harmonic content 
since it is the fundamental which produces most of the useful torque, 
the harmonics primarily contributing to motor losses.
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Fig 3*1 Classification system for inverter circuits
Fig 3o2 Bridge inverter without commutation components
(3) What is the maximum and minimum value of the fundamental 
r.m.s. output voltage? Some voltage control methods are limited on the 
maximum fundamental output, expressed as a percentage of the d.c* 
input. This could restrict their use in certain applications.
(*f) What is the complexity of the inverter configuration and its 
associated control electronics?
(5) Are the ratings of the main thyristors increased by the 
commutation circuit? Ratings of inverter circuits are discussed in 
Appendix 1 where it is seen that at high frequencies the contribution 
to the thyristor rating by commutation discharge currents can be 
substantial.
(6 ) Is the inverter suitable for high frequency operation?
Several voltage control techniques require the inverter to operate at 
frequencies many orders greater than the required output fundamental 
frequency,. In some inverters the maximum frequency is limited by set 
and reset times of the commutation capacitors, or by excessive 
commutation losses which gives poor efficiency at high frequencies.
(7 ) Is the commutation voltage increased proportionally as the 
load current? Such.a, system would provide an increase of commutation 
energy when it is most required, and so permit optimization of 
commutation components. ~
Bridge and Push-Pull
A basic thyristor bridge inverter is shown in Fig. 3*2. The 
commutation components have not been given, the arrows on the devices 
indicating that they are turned off by some external system which is 
not shown. Devices waveforms are illustrated in Fig. 3*3* for an 
inductive load. At time t^  thyristors CSR2 and CSR3 are fired. Since 
the load current is negative these devices do not turn on, energy 
being fed back to the supply via diodes D2 and D3* When the current 
goes positive at t2 the thyristors turn on provided their gate drive 
has been maintained from t/j. The load current builds up until at 
thyristor CSR2 is turned off. Load current now transfers from this 
thyristor to diode D1, freewheeling through D1 and CSR3 and decaying 
until t^ . Thyristor CSR3 is now turned off and CSR1, CSR^ f fired.
Load current flows through D1 and D^f, decaying to zero at t^ .
Thyristors CSR1 and CSRk now turn on, resulting in current build up 
in the negative direction. A second freewheeling period starts at

when Obin is turned oil, current ilowing through CSR4- and D2.
Load voltage is again equal to the two device voltage drops, which 
is normally small compared to the supply. Fig. 3*3* shows clearly 
the negative periods in the d.c. supply current when energy is fed 
'back from the load to supply. For a completely loss-free inductive 
load there would be equal periods of positive and negative current, 
showing that there is no nett power flow to the load. It should also 
be noted from this figure that the devices are required to withstand 
a peak voltage equal to that of the supply.
A push-pull inverter, minus commutation components, is shown in 
Fig. 3.4. circuit waveforms' being as in Fig. 3*5• These waveforms 
are remarkably similiar to those given for the bridge inverter when 
there are no zero periods in the load waveform, thyristors being fired 
in pairs. The load T^  may be transformer coupled, the primary being 
centre-tapped, or it can be a load which is wound v/ith a centre tapped 
output, the two halves being closely coupled together. Operation of 
this circuit is as follows. At tQ thyristor CSR1 is fired. Load 
current is negative and flows from A to B through D1 back into the 
supply. At t^  current reverses, flowing from B to A through CSR1.
This current reaches'at peak at t^ when CSR1 is turned off and CSR2 
fired. Once again there is a period of regeneration while current 
is fed back through D2 and CB. There has now been a transfer of 
energy between the two halves of transformer T1 so that its flux is 
maintained constant. Load current reverses at t., and CSR2 conducts* 
Assuming that the two halves of the load are closely coupled it is 
clear that each device will see a peak voltage equal to twice that 
of the supply. For instance with CSR1 or D1 conducting point B is 
positive to A by so-that C is raised to 2V^ above A.
It will be seen later that it is possible to operate a push-pull 
inverter with zero voltage periods. However this is not its most 
usual operating mode and leads to considerable circuit complications.
The following comparisions can be made between bridge and push-pull 
inverters
(1) A bridge inverter uses twice as many devices as a parallel 
inverter although they have half the voltage rating but the same 
current rating.
(2) It is seen from Appendix 1 that a bridge inverter normally 
needs twice as many commutation components. However the commutation 
capacitor is now twice as large and has half the voltage rating
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Fig 3<=4 Push-pull inverter without commutation components
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Fig 3*6 A quasi-square wave

compared to a push-pull inverter.
(3) A push-pull inverter requires a coupled centre-tapped load 
as part of its output circuit. A bridge inverter can operate a 
transformer type load if required, although this is not essential. 
This feature often determines the choice between the two systems 
since in the absence of a wound load a push-pull inverter cannot be 
used. When a transformer coupled load is being used a push-pull 
inverter is generally preferable when the supply voltage is low, so 
that device voltage ratings are not high and commutation components 
are reduced due to the higher commutation voltage available.
(4) In a push-pull inverter the load current flows in each half
of the primary winding for only one half cycle, so that the effective
1r.m.s. current of these windings are r==r time that in a comnarable
V1T
bridge circuit. But of course there are now twice as many turns so 
that the ’copper* used is Vp times larger than in the bridge circuit.
(5 ) There are two series elements between supply and load in a 
bridge inverter but only one in a push-pull inverter. Therefore a 
push-pull circuit should have a higher theoretical efficiency than 
a bridge, although this is only significant when the d.c. supply 
voltage is low.
In the following sections bridge and push-pull inverters are 
considered further since they can both give a practical motor drive 
configuration.
Voltage Control
There are many systems that may be used to control the output 
voltage from an inverter. In all such methods the prime objective 
is to control the fundamental component of voltage while minimising 
on the harmonic content. The present section will look at a few 
waveforms, principally with respect to the harmonic content.
However where relevent other factors given in the 'goodness’ list 
will be considered. All harmonic calculations.' have been derived 
using a PDP-8 computer. Results are given primarily by means of 
tables since graphic representation of harmonics upto the 15th 
would result in a jumbled appearance unless several separate 
graphs were used. In most cases the tables are adequate since the 
magnitude of the harmonics rather than their periodic variation is 
of interest.
Quasi-square control is perhaps the most frequently used voltage 
control technique, and is shown in Fig. 3*6* The waveform is quasi­
square in shape, there being periods of 2D duration when the output 
is zero® Harmonic analysis of this wave would give sine terms of the 
Fourier series only, where
b = 2
n Tf
D
D
V, Sin nx dx b
4_Vb Cos n D 
IT n
for odd values of n
Therefore the r.m.s. value of the nth harmonic as a percentage of the 
d.c. supply is given by
% RMS (n) =
V,
2 s fz
a
cos n D 
n x
100 —  (3.1)
The- total r.m.s. voltap;e is obtained from
or
m s  (t ) =
% RMS (T) 
' Vu
T\ -D
X>
100
V 2 dx b
i
1 - 2D
IT
  (3.2)
Equations (3*1) and (3 *2) are shown evaluated in Fig.3*7« upto the 
13th harmonic. From this table it is evident that the harmonic content 
of the output increases rapidly as the mark to space ratio of the 
waveform is reduced. This is illustrated more clearly by Fig. 3*8.
At low fundamental voltages various harmonics are almost equal in 
value to the fundamental, the total harmonic content being almost a 
factor of ten times larger. This represents the greatest disadvantage 
of the quasi-square voltage control system and normally limits the 
output voltage range to between 3C a^d 90 percent of the d.c. supply 
i.e. a frequency change of 3*1*. Fig 3*8. may also be referred to as 
a single-pulse, unidirectional wave# It is unidirectional since in 
any half cycle the output is either positive or negative, never both. 
There is also a single pulse in each half cycle. An obvious extension
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unidirectional waveform*. Putting
B =
A-J+ A2
 (3o)
W =
A2 - A 'l
  (3.^)
the nth Fourier coefficient is given as
n fjr
TT
.A,
A,
Sin nx dx
8vb
Tin Sin nB Sin nW   (3*5)
It is obviously possible to arrange the pulses symmetrically in 
a half cycle. This is considered in the next section which extends 
the technique to a large number of equally spaced pulses. In the 
present system the waveform will be arranged so as to elliminate, 
say, the Pth harmonic from the output. Then B can be chosen such 
that
or
Sin PB 
B   13.6)
So long as the pulses are maintained at this value of B their width 
W can change, varying the effective voltage, but the Pth harmonic 
will still be absent. From equation (3»5)
RMS (n) 
V, ■[ h J Jn 17 Sin n Sin nWP x 10O -- (3 .7 )
The total r.m.s. voltage is given by
RMS (T) =
( A2
V, dx
A-
_j h-
Fig 3.9 Two-pulse unidirectional wave
2W/T |
M S  voltage as percent of D.C. supply
1 3 5 7 g 11 13 15 TOTAL
. 0.16 75.1 0.00 18.3 8.20 0.00 9.70 2.98 0.00 80.0
0.15 70.8 0.00 22.0 3.48 0.00 12.6 1.88 0.00 77.5
0.14 66.4 0.00 25.2 . 1.40 0.00 14.1 6.43 0.00 74.8
0.13 61.9 0.00 27.8 6.21 0.00 13.8 9.92 0.00 72.1
0.12 57.4 0.00 29.7 10.7 0.00 12.0 11.8 0.00 69.3
0.11 52.8 0.00 30.8 14.7 0.00 8.69 11.7 0.00 66.3
0.10 48.2 0.00 31.2 18.0 0.00 4.38 9.70 0.00 63.2
0.09 43.5 0.00 30.8 20.4 0.00 0.45. 6.10 0.00 60.0
0.08 38.8 0.00 29.7 21.9 0.00 5.22 1.50 0.00 56.6
0.07 34.0 0.00 27.8 22.3 0.00 9.37 3.35 0.00 52.9
0.06 29.2 0.00 25.2. 21.6 0.00 12.4 7.64 0-.-00 49.0
0.05 24.4 0.00 22.0 19.8 0.00 14.0 10.7 0.00 44.7
0.04 19.5 0.00 18.3 17.2 0.00 13.9 12.0 0.00 40.0
0.03 14.7 0.00 14.2 13.6 0.00 12.2 11.3 0.00 34.6
0.02 9.79 0.00 9.63 9.48 0.00 9.03 8.74 0.00 28.3
0.01 4.90 0.00 4.88 4.86 0.00 4.80 4.76 0.00 20.0
0.00 0.00 0.00 0.00 0.00
---
0.00 0.00 0.00 0.00 0.00
Fig 3«10 Harmonics in a two-pulse unidirectional wave with
There lore % -
b
Equations (3• 7) and (.3*8) are shown evaluated in Fig. 3.10, 3*111 
and 3.12 for P = 3* 5 and 7 respectively. These show' that even 
though lower harmonics are elliminated the total harmonic content 
is large. Fig. 3*13 gives the plot of this and it can be seen to 
be larger than that obtained with quasi-square control methods. 
However higher harmonics are much easier to elliminate than lower 
order harmonics so a comparision based on total content can often 
be misleading. Perhaps the most serious disadvantage of this 
control method is that the maximum output voltage is limited by the 
necessity of not allowing adjacent pulses to merge. With quasi- 
square waves the maximum voltage is 90% of the d.c. supply when the 
output waveshape has no zero voltage periods. In two-pulse systems 
the maximum fundamental obtainable is 7 3 *^ %j 6 2.2% or 3 3*3% of the 
d.c. according to whether the 3rd,5th or 7th harmonic is being 
elliminated. There’fore a 2*fOV, 50 Hz motor could run at a maximum 
frequency of 3^+0 x 0 ,3 3 3 x2^o = ^  *MiZ an(^  remain fully
fluxed 3^0 = 2^0 x /2~, i.e. the peak rectified mains voltage) 
when the 7th harmonic is eliminated.
A second extension to quasi-square control is to have several
equally spaced unidirectional pulses in a half cycle. This is
conveniently obtained by feeding a high frequency carrier triangular
wave and a low frequency reference square wave into a comparator
as in fig. 3*1^HaW* The output voltage swings between and zero
volts according to the relative magnitudes of the two waveforms, as
in Fig. 3*lMb)« The width of the output pulses is determined by 
ASthe ratio of ~  and there are as many pulses per cycle as' the
jrp
ratio • The Fourier coefficient for the 15 harmonic is givento
by
S
x(M+1)
V, Sin nx dx 
b
x(M)
cos n x(M) - cos n x (M+1)
or % 'RMS (n) Vu i :  2 /~2
n U
bn
=  100
= 200
li (Ao — A«i)■J
W
JT
—  (3.8)
M=0,2,^ f .
2W/T FMS voltage as percent of D.C. supply
1 3 5 7 9 11 13 15 TOTAL
0.20 62.2 54.3 0.00 23.3 6.91 5.65 .12,5 0.00 89.4
0.19 59.5 55.7 0.00 ' 21.0 9.29 2.68 13.1 0.00 87.2
0.18 56.7 56.6 0.00 17.8 10.9 0.60 11.5 0.00. 84.9
0.17 53.9 57.0 0.00 13.7 11.7 3.82 8.07 0.00 82.5
0.16 51.0 57.0 0.00 9.00 11.5 6.58 3.27 0.00 . 80.0
0.15 48.0 56.4 0.00 3.83 10.5 8.57 2.06 0.00 77.5
0.14 45.0 55.3 0.00 1.54 8.57 9.54 7.06 0.00 74.8
0.13 42.0 53.7 0.00 6.82 5.98 9.39 10.9 0.00 72.1
0.12 38.9 51.6 0.00 ' 11.8 2.92 8.12 12.9 0.00 69.3
0.11 35.8 49.1 0.00 16.2 0.37 5.90 12.9 0.00 66.3
0.10 32.7 46.2 0.00 19.8 3.63 . 2.97 10.7 0.00 63.2
0.09 29.5 42.8 0.00 22.4 6.61 0.30 6.70 0.00 60.0
0.08 26.3 39.1 0.00 24.0 9.06 3.54 1.65 0.00 56.6
0.07 23.1 35.0 0.00 24.4 10.8 6.36 3.67 0.00 52.9
0.06 19.8 30.6 0.00 23.7 11.7 8.43 8.39 0.00 49.0
0.05 16.6 25.9 0,00. 21.8 11.6 9.50 11.7 0.00 44.7
0.04 • 13.3 21.0 0.00 18.8 10.6 9.45 13.1 0.00 40.0
0.03 9.96 15.9 0.00 15.0 8.82 8.28 12.4 0.00 34.6
0.02 6.64 10.7 0.00 10.4 6.30 6.13 9.60 0.00 28.3
0.01 3.32 5.37 0.00 5.33 3 .28 3.26 5.23 0.00 20.0
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3*11 Harmonics in a tv/o-pulse unidirectional wave with P-5
2W/T
RMS voltage as percent pf D.C. supply
1 3 5 7 9 11 13 15 TOTAL
0.14 33.3 56.7 22.8 0.00 11.4 15.8 3.22 1.61 7=4.8
0.13 31.0 55.0 25.1- 0.00 7.96 15.6 4.97 0.81 72.1
0.12 28.8 52.9 26.8 0.00 3.89 13.5 5.90 3.06 69.3
0.11 26.5 50.3 27.8 0.00 0.49 9.78 5.86 4.64 66.3
0.10 24.1 47.3 28.1 0.00 4.83 4.93 4.86 5.21 63.2
0.09 21.8 43.9 27.8 0.00 8.79 0.50 3.06 £.64 60.0
' 0.08 19.4 40.0 26.8 0.00 12.0 5.87 0.75 3.05 55.6
0.07 17.0 35.9 25.1 0.00 14.4 10.6 1.68 0.81 52.9
0.06 14.6 31.3 22.8 0.00 15.5 . 14.0 " . 3.83 1.61 49.0
0.05 12.2 26.6 19.9 0.00 15.4 15.8 5.35 3.68 46.7
0.04 9.79 21.5 16.5 0.00 14.1 15.7 6.00 4.95 40.0
0.03 7.35 16.3 12.8 0.00 11.7 13.7 5.65 ■ 5.14 34.6
0.02 4.90 11.0 8.70 0.00 8.38 10.2 4.38 4.21 28.3
0.01 2.45 5.50 4.40 0.00 4.35 - 5.40 2.39 2.36 20.0
0.00 0.00 0.00 0.00' 0.00 0.00 0.00 0.00 0.00 c.oo
3.12 Harmonics in-a iv/o-pulse unidirectional wave, with P- (
na<m s oa so jmaoHaa s? 'iv io i do skh
The total RMS value of the first pulse is given by
■RMS (T) . = 1
2 n*
,X(1)
x(0)
2
b
and since there are _JI pulses per cycle,
f„
% RMS (T) 
V, = 100
•T
2 Tf f,
| x(0 ) - x( 1 )J ~  (3 *10)
Equations (3*9) snd (3*10) have been evaluated in Fig. 3 3 * 1 6 ,
f,.
= f^, 6 ,- 10 and 20 respectively. These3«17 and 3»1S for t
tables indicate an increase in total harmonic content with pulse
numbers, in Fig. 3*19 where
=  2 corresponds to a quasi-square
wave. However the lower harmonics are now considerably attenuated.
This is illustrated in Fig. 3*20 where the third harmonic at high
pulse numbers varies almost linearly v/ith the fundamental, being
30% of its value. This is clearly a highly desirable state of
affairs since filter designs can be simplified. There is also
a vast reduction from the 100% third harmonic content obtained at
3-OW voltages with quasi-square wave control methods. For higher
harmonics it is necessary to go to a larger pulse number to obtain
appreciable harmonic reduction. For instance the curves for the
3th and 7th harmonics are shown in F'ig. 3*21 and Fig. 3*22. From
these it is seen that with ten pulses per cycle there is still a
large and variable harmonic content. With twenty pulses the
variation is from '[k% to 17% of the fundamental for the 7th
harmonic at 90% and 10% of the fundamental voltage points. This
can be compared with and 90% for the same two points when
using quasi-square wave control. Therefore overall this control
system is superior to quasi-square wave control provided a
sufficiently high ratio of £t •, say 20 is chosen. The maximum d.c.
fvoltage is still 90% of the S d.c. supply. The only disadvantage 
of this system is that the inverter must now run at twenty times 
the output frequency required, which can result in extra losses.
AS/AT RMS voltage as percent of D C. supply
1 3 5 7 9 11 13 15 TOTAL
0 90.0 30.0 18.0 12.9 10.0 8.18 . 6.92 6.00 100
.1 82.7 36.2 9.74 17.7 1.11 11.5 2.29 7.84 94.9
.2 74.8 40.3 0.00 17.3 8.31 6.80 9.31 0.00 89.4
.3 66.5 42.3 9.74 11.8- 13.8 2.70 7.44 7.84 83.7
.4 57.8 41.9 18.0 2.84 12.6 10.3 1.53 6.00 77.5
.5 48.7 39.2 23.5 6.96 5.41 10.7 9.05 3.25 70.7
.6 39.3 34.3 25.5 14.7 4.37 3.58 7.92 8.49 63.2
.7 29.7 27.6 23.5 18.1 .12.1 6.05 0.77 3.25 54.8
•8 19.9 19.3 18.0 16.2 14.0 11.4 - 8.72 6.00 . 44.7
.9 9.9 :• 9.90 9.74 9.50 9.18 8.80 8.35 7.84 31.6
.98 2.00 2.00 2.00 2.00 1.99 1.99 1.99 1 .98 14.1
Fig 5*15 Harmonic content of a square modulated unidirectional
4
wave v/ith fy
fS
AS/AT
RMS voltage as percent of D.C. supply
1 3 5 7 9 11 13 15 TOTAL
90.0 80.0 18.0 12.9 10.0 8.18 6.92 6.0 100
.1 81.7 29.6 25.5 4.00 8.93 14.6 2.15 4.22 94 .9
.2 73.2 28.5 31.2 5.36 5.90 16.3 10.3 0.02 89.4
.3 64.5 26.7 34.8 14.0 1.58 12.7 13.8 4.26 83.7
.4 55.6 24.3 36.0 20.8 3.07 5.04 11.2 6.02 77.5
.5 46.6 21.2 34.8 24.9 7.05 4.25 3.57 4.26 . 70.7
.6 37.4 17.6 31.2 25.6 9.49 12.2 5.65 0.02 63.2
.7 28.2 13.6 25.5 22.9 9.-86 lb.2 12.4 4.22 54.8 •
.8 18.8 9.25 18.0 17.2 8.07 -15.0 13.6 5,98 44.7
o 9.44 4.67 9.34 9.23 4.52 8.93 8.73 4.22 31.6
.98
1 •
1.90 0.92 1.90 1.90 0.92 1.90 .1.90 0.92 14.!
Fig 3*16 Harmonic content of a square modulated unidirectional
wave wi th frp _ ^
RMS voltage as perceiV of D.C. supply
1 3 5 7 9 11 13 15 TOTAL
0 90.0 30.0 18.0 12 .q 10.0 8.16 6.94 .6.00 100
.1 81.3 27.8 17.8 14.6 18.2 0.85 4.37 5.33. 94.9
.2 72.4 25.4 17.1 . 15.6 25.0 9.77 1.09 3.51 89.4
.3 63.6 22.7 16.1 15.9 ' 29.7 17.5 2.37 0.92 83.7
. .4 54.6 19.9 14.6 15.4 32.1 23.2 5.44 1.87 77.5
.5 45.6 16.8 12.7 14.1 32.0 26.2 7.61 4.26 70.7
.6 36.5 13.6 10.6 12.2 29.3 26.0 8.52 5.72 63.2
.7 27.4 10.3 8.19 9.72 24.3 22.8 8.03 5.94 54.8
.8 18.3 6.93 5.58 6.75 17.4 16.9 6.22 4.87 44.7
.9 9.17* 3.47 2.83 3.45 9.05 8.99 3.38 2.74 31.6
.98 1.85
1
1
0.68 0.58 0.68 1.85 1.85 0.68 0.58 14.1
Pig 5,17 Harmonic content of a square-modulated unidirectional 
wave with fT _ m
Ts
AS/AT RMS voltage as percent of D.C. supply
1 3 5 7 9 11 13 15 TOTAL
.1 81.1 27.2 16.5 12 .1 9.68 8.28 7.49 7.23 94.5
.2 72.1 24.3 15.0 11.1 9.15 8.14 7 .75 8.07 89.4
.3 63.1 21.4 13.3 10.0 8 .46 7.75 7.69 8.46 83.7
.4 54.1 18.4 11.6 8.84 7.59 7.13 7.31 8.38 77.5
.5 45.1 . 15.4 9.74 7.54 6.58 6.30 6.62 7.84 70.7
.6 36.1 12.4 7.87 6.14 5.42 5.28 5.66 6.86 63.2
.7 27.1 9.31 5.94 4.67 4.17 4.10 4.47 5.51 54.8
.8 18.1 6.22 3.98 3.15 2.82 * 2.81 3.09 3.85 44.7
.9 9.04 3.11 2.00 1.58 1.43 1.42 1.58 1.98 31.6
.98 1.81 0.62 0.40 0.32 0.29 0.29 0.32 0.40 14.1
Fig 3*18 Harmonic content of a square modulated unidirectional
wave with fm
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In the above system a square wave was used as the reference 
source* A greater reduction in harmonic content should be obtained 
if a sine-wave was used as the reference* However since it is much 
easier electronically to produce a triangular wave than a sine wave, 
a system which mixes a high frequency carrier wave with a reference 
triangular wave, as in Fig. 3*23, will be considered first* The 
output pulses are not of constant width but provided the values of 
X,,, Xp, X7 etc. are known the magnitude of the harmonic coefficientc. d
can again be found from equation (3*9)« However equation (3*10) is 
now modified to take account of the unequal pulse widths and is 
given by
% RMS (T) 
'V, 2 ^  . X (M+1) - X (M)J
Equations (3*9) and (3*11) are shown evaluated in tables given
in Figs. 3*2^ - to 3*27* Voltage control is again affected by
Achanging the ratio of _£ . The maximum value of this is limited
Aip
to O .98 rather than unity to prevent adjacent pulses from merging 
into each other. The total harmonics and the third, fifth and 
seventh harmonics are plotted in Fig. 3*28 to 3*3*1 • The following 
factors can be noticed:
(1) Unlike all the previous systems this method of voltage
control results in severe attenuation of frequencies below a certain
value. The two-pulse asymmetrical wave technique could be refered
to as "selected harmonic reduction", since in this system the pulse
spacing is so.chosen as to eliminate any chosen harmonic. The
present system can be called "lower harmonic reduction" since it
.works to reduce harmonics below--a certain frequency. On examining
the tables shown in Fig. 3*2^ - to 3*27 it will be seen that the
fharmonic numbers with the largest amplitude occur at __T + 1.
f
S
Therefore, for example, with   _ ■ ^ the harmonics are largest at
fS
the 9th and 11th. This is logical since the tenth harmonic is the
’carrier* wave itself, and no attempt is made to eliminate it.
fQuite clearly the higher the ratio of __T the more effective this
fS
system becomes. The same statement was made when considering 
modulation with a square wave, but there the effect of higher
«*■
T [
M,
Jl..
1
Xl *3 X/+
( b >
Fig 3.25 Pulse width modulation with a triangular wave using 
unidirectional switching
as/at RMS voltage as percent of D.C,supply
1 3 5 7 9 11 13 15 TOTAL
-» ■ * "" ' "
0 0 0 0 0 0 0 0 0 0
0.1 6.74 6.69 6.59 6.45 6.25 6.02 5.74 ■ 5.42 21.9
.2 12.8 12.5 11.8 10.8 9.61 8.20 6.56 5.07 30.2
.3 18.3 17.3 15.4 12.8 9.65 6.37 3.20 0.43 36.1
.4 23.3 21.2 17.4 12.4 7.09 2.14 1.77 - 4.22 40.8
.5 27.8 24.3 18.0 10.4 3.11 2.51 ■ 5.58 5.98 44.7
.6 31,9 26.6 17.5 7.32 1.19 6.11 6.90 4.47 48 .1
.7 35.7 28.2 16.1 ^3.71 4.98 7.94 5.77 1.02 • 50.9
.8 . 39.1 '29.3 14.1 0.02 7.60 7.96 2.99 2.62 53.5
.3 42.2 29.8 11.7 3.42 9.46 6.50 0.39 5.16 55.7
.98 44.5 30.0 9.56 5.85 9.96 4.61 2.92 5.99 57.4
Fig 3 *24 Harmonic content of a triangular modulated unidirectional
wave with fYp
AS/AT RMS voltage as percent of D.0. supply
1 3 5 7 9 11 13 15 TOTAL
0 0.00 0.00 0.00 O.GO O.CO 0.00 O.GO 0.00 0.00
.1 5.45 0.02 5-40 5.42 0.07 5.27 5.31 0.11 21.1
.2 11.0 0.18 10 6 10.7 o .s c ' 9.57 9.79 0.73 29.9
.3 16.6 0.59 15 6 15.6 1.55 12.1 12.6 1.90 36.7
.4 22.3 1.41 19 .1 19.9 3.25 12.2 12.8 2.85 42.5
.5 28.3 2.76 22 .0 23.3 5.32 9.90 9.92 2.26 47.3
.6 34.6 4.77 23 .5 25.1 7.07 5.S4 4.16 0.95 52.7
.7 41.1 7.56 23 .5 24.9 7.52 1.81 2.89 6.32 57.4
.8 •F CO 11.2 21 .6 22.1 5.58 0.4i| 8 .34 11.0 61.9
.9 55.6 15 .8 18 .0 16.7 0.55 0.92 9.18 1C.7 66,3
.98 62.0 20.1 13 .9 10.7 5.42 4.64 6.03 5.87 69.8
Pig 5.25 Harmonic content of a triangular modulated unidirectional 
wave with %   ^ 5
AS/AT RMS voltage as percent of D.C. supply
1 3 sj 7 9 11 13 15 TOTAL
0 0 0 0 0 0 0 0 0 0
0.1 5.63 G.51 0.01 0.48 5.58 ■ 5.59 0.50 0.02 21.9
.2 11.3 1.05 0.07 0.62 10.9 10.9 0.92 0.18 31.0
.3 17.0 1.54 0.23 0.86 • 15.6 15 .7 1.16 0.52 38.0
.4 22.7 2.30 0.52 0.49 19.5 19.7 1.07 0.95 44.C
.5 28.5 3 .05. 1.C0 C.40 22.4 22.6 0.46 1.22 - 49.2
. .6 34.4 3.93 1.67 1.90 24.0 24.3 0.89 C .94 54.1
.7 40.4 4.93 2.55 4.03 24.3 24.5 ■ 3.13 0.27 58.5
.8 46.6 6.07 3.61 6.80 23.1 23.3 6.30 2.68 62.8
.9 52.S 7.36 4.83 10.1 20.6 20.6 10.2 6.19 66.8
.98 58.C 8.49 5.88 13.0 17.9 17.8 13.5' 9 .44 63.9
Pig 3.2o Harmonic content of a triangular modulated unidirectional
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carrier frequencies was to 'keep the proportion of the harmonics 
constant (and equal to the value for a square wave, as shown in 
Fig. 3*20 to 3»22) as the fundamental was varied, and not to elliminate 
it.
(2) This system has two disadvantages. Firstly the high inverter 
frequency required to give effective lower harmonic reduction leads
to smaller efficiencies. Secondly the maximum output is well below 
90% of d.c. supply as obtained v/ith a square wave. This would limit 
the maximum operating frequency when running with some types of loads 
which need to be fully fluxed, as described before.
(3) Fig. 3 .2 8 shows the characteristic increase in total harmonic
content, with higher operating' frequencies». As explained before this 
is not normally serious since higher harmonics can be more easily 
filtered but then lower order harmonics. -
Fig. 3*32 shows the output waveform obtained when mixing a high 
frequency triangular wave v/ith a low' frequency sine reference. The 
Fourier analysis of this wave is simi.liar to that shown in Fig. 3*23* 
the -intersection points X^ , X£, X^ etc. being the only variables.
Fig. 3*33 to 3*3^ gives the harmonic distribution. These tables are 
not plotted on graphs since the curves have almost identical shapes 
to those given in Fig, 3*28 to 3*3% only the relative magnitudes 
being different. It is important to keep in mind that the results 
given in this chapter have been derived using .a computer. In several 
systems therefore there can be a slight error in the results. For 
instance the values of X^ , X^ etc. in Fig. 3*32 have been found by
an approximation method on the computer. This gives an error which
increases v/ith the number of pulses. However the results are still 
good enough to allow comparision between the various systems.
Using a sine v/ave reference source gives two advantages over those
using triangular wave. Firstly the harmonics are much lower. For 
fexample if __T then the third harmonic is reduced from an
f =
S.
approximate average of 12% of the fundamental for triangular waves to
f3% for a sine reference. The figures for _JT _  ^ are 9% and 1%
respectively. The second advantage achieved is the higher maximum 
value of the fundamental. When using a low frequency triangular wave
RMS voltage-as percent of D.C. supplyAS/AT
TOTAL1511
26.56.CO9.77 9.46 8.409.93 7.69 6.88
15.9.16.6 12 .4 7.329.97
23.2 21.1 2.2612.5 1.657.18
17.9 5.6829.6 9.19 1.25
2.8727.5 16.9 5.54 7.273.19
3.5229 13.4 1.02 7.66 2.01
30.0 5.05 5.9010.0 5.36 9.91
29 5,85
51.6 1.63 11.6 6.92
63.628.3 0.62 5.335.33
Fig 3*33 Harmonic content of a sine modulated unidirectional
wave with fm „T « A
RMS voltage as percent of D.C. suppl;as/at
TOTAj11 13
0.296.98 6.57 7.20
0.60 10.2 2.0914.7 13.1 13.11.60
41.70.5521.2 19.S 18.0 0.59
27.8 21.5 12.7 9.08 0.390.88
5226 0.383.592.17 47
2.74 28 23.1 2.72 07
48.8 5.52 7.2 2.22 10.9
15.6 13.70.32
4.51 7022.560.8 10.8 59 5.06
0.2113.6 18.7 5.12 7.86 82
Fig 3o4 Harmonic content of a sine modulated unidirectional
wave with frp „ 5
fs
as/at
RMS voltage as percent of D.C. supply
— ii
!
1 3
' 5 '
7 9 11 13 15 TOTAL
0 C 0 0 0 0 0 0
0 0
.1 7.26 0.28 0.24 0.88 7.53 6.70 C .43 0.68 25.0
.2 13.6 0.54 0.12 0.11 13.7 ■ 12.3 1.48 0.29 34.6
.3 20.8 0.95 0.18 0.12 19.9 17.4 2.72 0.27
■ .
42.8
.4 27.5 0.49 0.57 0.02 24.1 21.2 3.63 0.92 ■
49.1
.5 34.7 0.98 0.69 0.80
■
27.7 23.0 5.70 0,66 55.2
.6 42.1 0,60 0.35 3.67 27.8 24.7 6.21 1.17 60.7
.7 48.9 0.17 0.93 4.90 27.0 23.2 8.51 2.16 65 .2
.8 55.9 1.31 0.91 8.17 24.9
.
20.8 9.71 2.89 . 69.9
.9 62.5 1.43 1.57 11.0 20.7 17.5 10.5 4.11 73.9
.98 68.5
!
G.93 1.57 13.4 16.6 12.7 11.9 4.70 77.3
Pig 3*35 Harmonic content of a sine modulated unidirectional 
wave v/ith f*p ^
RMS vcItage as percent of D.C. supply
AS/AT
11 TOTAL
7.55 C.65 C .33 C .26 0.38
0.60 0.09 0.50 0.35 0.62 36
21 0.15 0.15 0.77 0.53
28 0.03 0.89 O.CC 0.01 1.02 0.55 50.2
35.3 0.05 0.00 0.53 0.15 56.2
0.16 C .05 0.21 C.13 0.82 0.53 61.6
C .2; 0.39 0.29 o.e: 0.97
0.53 0.59 0.26 0.06 0.36 0.28 C.C9 71
0.55 0.02 0.15 0.76
98 69.0 0.19 0.1C 78.6
Pig 5*36 Harmonic content of a sine modulated unidirectional 
wave with 0r.
 £ *= d.Q •
fas the reference the maximum output for _T _ is of the d.c
S
supply, whereas with a sine reference this is increased to 68.5%*
It should be noted here that this is the’maximum theoretical value' 
since in a practical solution the modulation depth would have to be 
limited, to allow sufficient time for turn-off of the inverter 
thyristors. This would give an output a little above 60/iof the d.c. 
supply.
The disadvantage of the sine reference system is the increased 
control circuit complexity required to generate a variable frequency 
and amplitude sine wave, as compared to a triangular waveform. This 
disadvantage is not significant so that normally a sine wave reference 
source would be used.
Bi-Directional Switching
In the above discussions all the waveforms looked at liave been 
uni-directional, that is voltage in any half cycle has been either 
positive or negative, never both. For bi-directional switching the 
output swings positive and negative. The simplest unidirectional 
system was the quasi-square waveform shown in Big. 3*6. It is 
interesting to note that this can be obtained by combining two square 
waves phase.shifted from each other, as in Big. 3«37» the output being 
zero when the waveforms are in anti-phase. This single-pulse system 
was then extended to two-pulse waveforms, as in Fig. 3»9* A two-pulse 
bi-directional wave is shown in Fig. 3*38. The Fourier coefficient 
for this is given by equation (3»12J. Quite clearly the values of 
B can be chosen to .eliminate any harmonic while W is varied to control 
the fundamental voltage.
A1
A2 V 2
bn V, Sin nx dx - V, sin nx dx + v Sin nx dxb b
A
0
A
T~
w *
4
-2D-I
fcD -*J
T
Fig 3*37 Production of a quasi-square wave by combining two 
phase shifted square waves
Pig 3*58 Two pulse bidirectional wave
2W = A 2 A1
Therefore
% RMS (n;
V,
/T
n
1 - k Sin nB Sin nW —  (3.12;
It is of course possible to combine two phase shifted waveforms 
of Pig. 3*38 together, as was done in Fig* 3*37 • This would give a 
modified result
% RMS { n ) 
. V,
2 
n T<P D-^ bin nB Sin nW Cos nD1  0.13/
where 2D is the phase shift between the two. oince the square of 
the voltage ignores signs, the RMS of the total waveform is given by
% m s  (t )
V, = 100 1 - 2Dn
(3 .1 )^
In equation (3*13) there are now three variables. Two of the.se, 
say W and B can be used to eliminate any two harmonics -while the 
third controls the magnitude of the fundamental voltage. Therefore 
if B and W are chosen to satisfy equations (3*15) and (3»1o) then 
harmonics P^  and will be absent from the output over the whole 
range of variation of D.
1.-4- Sin (P B) Sin (P W) = 0 
1 - k Sin (P B) Sin (P^W) = 0
  (3.13)
  (3 .16)
Equations (3»13) and (3*1^) have been used to obtain the harmonic 
analysis of waveforms where the third and fifth, the third and seventh 
and the fifth and seventh harmonics have been eliminated. The 
results are given in Fig. 3*39? 3*^0 and 3*^1•
This is a method of 'selected harmonic reduction' so comparision 
should be made with the quasi-square* control and two-pulse
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it is clear that the maximum fundamental output voltage is less than 
that obtainable from the quasi-square wave. The! .lower the harmonics 
eliminated the smaller this maximum voltage. This is not the case 
for uni-directional switching where the reverse is true. But it must 
be remembered that the limitation was then fixed by the necessity of 
not allowing adjacent pulses to merge. This is not necessary for 
bi-directional switching since in effect positive and negative pulses 
are already merged in the primary wave, and control is achieved by 
phase-shifting two such identical waveforms up to the full half cycle. 
For example the quasi-square wave gives a peak fundamental which is 
90% of the d.c. value. For uni-directional switching this reduces 
to 6 2.2% and 3 3 * 3 %  when eliminating the third, fifth and
seventh harmonics respectively. For bi-directional switching 
comparable figures are 7 3 *3 % ^ 77*5% and 84.0% when the third and 
fifth, the third and seventh or the fifth and seventh harmonics are 
eliminated respectively. .
A comparision of the harmonic tables shows that in general 
uni-directional switching has a higher total harmonic content than 
bi-directional switching, the quasi-square wave having the least.
An interesting aspect of harmonic elimination is that the 
amplitude of the harmonics increases with the harmonic number. This 
is contrary to that found with quasi-square waves. For bi-directional 
switching the ninth harmonic is the largest when the third and 
fifth harmonics are eliminated, -whereas when the third and seventh 
are eliminated the eleventh predominates. The same is true for 
uni-directional switching but to a lesser extent and at higher 
harmonic numbers. It should also be noted that for uni-directional 
switching every harmonic which is an odd multiple of the harmonic 
being eliminated is also absent from the output waveform. Therefore 
the third, ninth, fifteenth etc. are absent; or the fifth, fifteenth 
etc. are absent; or the seventh twenty-first etc. are absent, and 
so on. For bi-directional switching only the two harmonics chosen 
are eliminated.
Generally harmonic elimination causes the remaining harmonics 
to be of much larger magnitude. Perhaps however it is worth noting 
the phenomenon increase in the third harmonic when uni-directional 
switching is used to eliminate either the fifth or the seventh 
harmonic. The results given in Fig 3*41 also deserves special 
mention. Although the fifth and seventh harmonics have been
are also less than that obtained when using the quasi-square method 
of control. Higher harmonics are considerably greater. However this 
waveform has. special merit when used in three-phase inverters as 
interconnections of the output transformer can then be used to eliminate 
triplen harmonics, making the eleventh harmonic the lowest present.
The two-pulse bi-directional wave can be extended to several 
equi-spaced bi-directional pulses by mixing a triangular and square 
wave, as in Fig. 3*^2. This waveform will contain odd and even 
harmonics. Knowing the value of intersection points Xq , etc.
the r.m.s. of the nth harmonic can readily be obtained by the 
arithmetic sum of the individual pulses over the 0 to n interval* 
Therefore
%.HMS (n)
The r.m.s. value of the total harmonic is constant, irrespective of 
the depth of modulation and the operating frequency, and is equal to 
that of a square wave since there are no zero periods in the output.
The harmonics, as calculated from equation (3*17) are given in
fFig. 3*^3 to 3»^6 for values of T . r n°  ^ ^ —  = v, 6, 10 ana 20 respectavely.
S
To aid comparision with quasi-square control and unidirectional 
switching systems, Fig. 3*^7 to 3*^9 show plots of third, fifth and 
seventh harmonics for results from Fig. 3»7» 3*15» 3»1&» 3*^3 and 
3.^6.
It should be noted that for bi-directional switching even 
harmonics are absent from the output apart from the inverter 
operating frequency and its triplen harmonics. For unidirectional 
switching all even harmonics are missing.
The lower-harmonic content, with bi-directional switching, when 
the inverter operating frequency is higher than the output frequency, 
is less than for a quasi-square wave. It is also less than that 
obtained with unidirectional switching and is due to the absence of
\ f i > \ 100 f 1 - Cos nx (0)
nTT
+ ^ [ Cos nx (2M + 1) - Cos nx (2M + 2)J 
- £ {^^os nx (2M) - Cos nx (2H+1)^ j\ — (3*17)
Harmonic
number
RMS voltage as percent of D.C.
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1 8.6 17,3 26.2 r1 35.1" 44.1 53.2 62.4 71.6 80.8 90.0
2 0 0 0 0 0 o ■ 0 0 0 0
3 1.67 3.73 6.16 8.91 12.0 15.3 18.8 22.4 26.2 30.0
4 88.9 85.6 80.2 72.8 63.7 52.9 40.9 27.8 14.1 0
5 1.11 1.48 1.11 0 1.80 4.22 7.18 10.5 14.2 18.0
6 0 0 0 ' 0 0 0 0 0 0 0
7 7.94 14.3 18.7 20.6 20.1 17.1 11.8 4.70 3.74 12.9
8 0 0 0 0 ' 0 0 0 • 0 0 0
9 8.98 18 .1 26.2 32.3 35.6 35.8 32.8 27.0 19.0 10.0
10 0 0 0 0 0 0 0 0 0 0
11 2.17 5.45 9.22 12.8 15.5 16.9 16.7 14.9 11.9 8.18
12 26.7 17.6 4.69 9.27 21.2 28.5 29.6 24.3 13.6 0
13 0.52 0.86 3.79 7.51 11.1 13.6 14.4 13.3 10.6 6.92
14 0 0 0 0 0 0 0 0 0 o
15 7.04 9.68 7.04 0 9.06 17.1 21.4 20.5 14.7 6.00
Fig 3*43 Harmonic content of a square modulated bidirectional
wave v/ith fm '•i = 4
Harmonic
number
RMS voltage as percent of D.C.
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1 8.82 17.7 26.6 35.6 44.6 53.7 62.7 71.8 80.9 90.0
2 0 0 0 0 0 0 0 0 0 0
3 2.45 5,06 7.83 10.7 13.8 16.9 20.1 23.4 26.7 30.0
4 0 0 0 0 0 0 0 0 0 0
5 0.78 1.86 3.22 4.82 6.65 8.68 10.9 13.2 15.6 18.0
6 88.9 85.6 80.2 72.8 63.7 52.9 40.9 27.8 14.1 0
7 0.41 0.38 0.10 1.00 2.30 3.95 5.90 8 .09 10.4 12.9 ■
8 0 0 0 0 0 0 0 0 0 0
9 2.06 3.45 4.10 3.97 3.07 1.44 0.82 3.58 6.70 10.0
10 0. 0 0 0 0 0 0 0 0 0
11 8.34 15.3 20.4 23.0 23.2 20.7 15-iS 9.04 0.80 S.18
12 0 0 0 0 0 0 0 "0 0 0
13 9.02 17.8 25.3 30.8 33.4 33.1 29.7 £ 3 ."8 15.9 6.92
14 0 0 0 0 0 0 0 0 0 0
15 2.75 6.00 9.25 12.0 13.8 14.5 13.8 12.0 9.25 6.00
Fig 3*44 Harmonic content ;of & square modulated bidirectional
ware with ft
RMS voltage as percent of D.C
0.1 0.2 0.3 0 .4 0 .5 0.6 0.8
17 .9 35 .'926 .9 53 .9 8 1 .0 90 .0
2 .8 1 5 .6 7 8 .6 0 11.6 14 .6 17 .6 20 .7 23 26 .9 3 0 .0
1 .4 7 3.04 26 10.1 12.1 14.0 16.0
0 .8 0 1.74 2.82 5.32 6 .7 1 18 9 .7 1 1 1 .3 12 .9
0 .3? 2 .4 0 3.42 5 .8 3
40 .9
7 .1 8 S.57 10.0
10 85 .6 80 .2 63.7 52 .9 27
11 0.10 0 .0 5 1.0 5 2.90 4.08 5.38 6 .7 6 8.18
12
13 0 .5 7 0 .8 3 0 .7 7 0 .3 9 0 .3 0 1 .2 6 2 .4 6 5.35 6.92
15 1 .2 3 2 .0 7 2 .4 6 2 .3 8 1 .8 4 0.86 2,15 6.00
Pig 3*45 Harmonic content of a square modulated bidirectional 
wave with ^
H&rnonic
number RMS vo ltag e  as percent of D.C . 1
0 .1 0 .2 0 .3 0 .4 0.5 0 .6 ,0 .7 0 .8 0 .9 1 .0
1 8.99 18 .0 27 .0 36 .0 45 .0 54 .0 63 .0 7 2 .0 81 .0 90 .0
2 0 0 0 0 0 0 0 0 0 0
3 2 .9 5 5.92 8 .9 0 11 .9 14 .9 17 .9 20 .9 2 4 .0 2 7 .0 30 .0
4 0 0 0 0 0 0 0 0 0 0
5 1 .7 2 3.47 5.23 7.02 8 .8 3 10 .6 12 .5 14 .3 16 .2 18 .0
6 0 0 0 0 0 0 0 0 0 0
7 1 .1 7 2.38 3.62 4.8 9 6.18 7.49 8.82 10 .2 11 .5 12 .9
8 0 0 0 0 0 0 0 0 0 0
9 0 .8 5 1.75 2.69 3 .6 6 4.67 5 .7 1 6.76 7 .8 3 8 .9 1 1 0 .0
10 0 0 0 0 0 0 0 0 0 0
11 0 .6 3 1.32 2.06 2.85 3.68 4 .5 4 .5.43 6 i33 7 .2 5 8.18
12 0 0 0 0 0 ‘0 0 C 0 0
13 0 ,4 7 1.00 1.6 0 2.25 2 .9 6 3 .7 0 4 .4 8 5 .2 8 6 .1 0 6.92
14 0 0 0 0 0 0 0 0 0 0
15 0 .3 3 0.75 1.23 1.78 2 .3 9 3.05 3.75 4 .4 8 5 .2 4 6 .0 0
Pig 3.46 Harmonic content :of a square modulated bidirectional 
wave with L
JL = 20 
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output reduces to a square wave and the harmonic content is identical 
to comparable quasi-square and unidirectional systems.
It should a3.so be noted that with bi-directional switching the 
odd harmonic content generally increases as the operating frequency 
is raised. The reverse was true for unidirectional switching. 
However the presence of the large valued even harmonics still makes 
it desirable to operate this system at an inverter frequency of the 
order of twenty times the desired output frequency.
The square reference wave may of course be replaced by a 
triangular wave as shown in Fig. 3*50. The output is very similiar 
to Fig. 3 , k 2  except that the modulation depth varies linearly along 
the cycle. This waveform will also contain odd and even sine terms, 
and since = 0 the RMS voltage of the nth harmonic can be derived 
from equation (3 »18)
C//° — "7—  ^= . 100 <  f Cos nx(2M+l) - Cos nx(2M+2)l
Vb n u <• L J
— nx(2M) - Cos nx(2M+1)J ^
 (3.1-S)
f
The solution of equation (3*18) for four values of __T are given in
fS
Fig..3*51 to 3.5^. It is seen from these that the harmonic content
«
of the waveform is very similiar to uni-directional switching as
in Fig. 3.28 to 3 .3 1. . The harmonic with the largest amplitude is
fthat which occurs close to the chopping frequency T, both oda ana
even harmonics being considered. As an example when operating at 
fT c the sixth harmonic is very large. For zero modulation depth 
~  6
;
the fundamental is zero and the sixth harmonic has a value 90/t of
the d.c. supply, since the output is a square wave at this frequency.
As the modulation depth increases the fundamental also increases in
value and the sixth harmonic reduces (whereas adjacent even harmonics,
i.e. the fourth and the eight increase in value.) 'When operating 
f‘with _T 20 the harmonic content upto the fifteenth is very similiar 
fS
to Fig. 3.27, except that there are now both odd and even terms. 
However the total harmonic content, which for bi-directional
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depth, is much higher. As in previous methods using "lower harmonic 
reduction" it is clear that the inverter frequency shou3.d be several 
orders larger than the output frequency for effective harmonic 
reduction. This is therefore a disadvantage of the system as it can 
lead to loi-/er efficiencies.
Another shortcoming of using a triangular reference wave is the 
lower maximum fundamental voltage, which is below 60% o f the d.c. 
supply. As mentioned before this can be a serious disadvantage in 
some systems. For instance assume that an inverter is fed from 
240 volt rectified mains and feeds a single phase motor. Then 
Vb = 3^0 volts and the maximum fundamental voltage is 340 x 0.6 = 200 
volts. Therefore a motor rated at 240 volts, 30 Hz can be run 
fully fluxed only upto 40 Hz or 4/5th of its full speed.. Using a 
square v/ave reference source, with uni-directional or bi-directional 
switching, the output can approach 90% of the d.c. voltage so that . 
this limitation is not met. f
\
As for unidirectional switching the bi-directional system of
• Fig. 3*50 can be extended to a sine reference v/ave. Once again the
harmonic voltages are given by equation 0*38;. These are calculated
in Fig. 3*55 to 3*58. These show that the harmonic content is now
similiar to that of uni-directional switching apart from the large
even harmonic close to the carrier frequency. As expected the
harmonics are considerably less thantthat obtained with a triangular
freference source. For __T _ the third harmonic has been reduced
fS
from 11 % to 0• 3% when considering a maximum modulation depth. The 
peak fundamental voltage is now 70% which is more than the triangular 
reference system. Therefore this system is superior to the previous 
one in all respects except for the fact that a triangular v/ave is 
normally easier to generate than a sine wave. This is however not 
a significant shortcoming. •
Alternative Harmonic Control Systems
In the above considerations all the systems of voltage and 
harmonic control have logically followed one another. From the 
single pulse quasi-square v/ave to modulation of a high-frequency 
carrier with various reference waveforms,, using uni-directional or
1
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economical system for the control of single phase induction motors.
The harmonic control techniques to be described in this section are 
more sophisticated and are used primarily in larger systems or where 
size limitations require that the harmonic content must be minimised 
in order to keep the filter weight to a minimum. The inverter
V
configurations shown in Figs. 3*2 and 3»^ cannot now be used, and 
need modification.
Perhaps the simplest way of obtaining a sine v/ave output is to 
generate a square v/ave and then filter out the harmonics. Such filters 
are normally bulky and expensive. Furthermore since these are 
inevitably tuned to a certain frequency it is not possible to 
operate them over a wide frequency range, as is required for induction 
motor control.
Certain lower harmonics can also be eliminated by the use of 
special winding arrangements on three phase transformers. This 
however increases the percentage content of the harmonics not 
eliminated and are generally too expensive for use with low power 
systems.
A method of harmonic cancellation, v/hich is very similiar to 
the 'lower harmonic reduction1 systems described before, is 
staggered-phase-carrier-cancellation (SPCC). Essentially it consists 
in combining several high frequency modulated waves in which the 
carriers are out of phase whereas the modulating (low frequency) 
v/ave is in-phase. This results in a strengthening of the low 
frequency and a weakening of the high frequency carrier, as shown 
in Fig. 3*59* Here the carrier in (a) and (b) are 180° out of 
phase whereas the low frequency signal is in phase. It can be . 
shown that combining the tv/o v/ave forms will give the lowest carrier 
harmonic at twice the carrier frequency. This system can be . 
extended further. For instance combining four waveforms with their 
low frequencies in phase but carriers with a phase shift of 
90°, 180° and 270°, would result in the carrier and its first 
second and third harmonics being eliminated from the output.
The disadvantage of SPCC is the extra hardware needed* When 
combining the two v/aves shown in Fig. 3»59i for instance, tv/o 
inverters as in Fig. 3«2 are required, doubling the power and 
control circuits. Its prime use is in fixed frequency sine wave
Pig 3*59 Staggered phase carrier cancellation
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Fig 3«6o Waveform synthesis vith a tapped supply
reduction in size of the output filter now required.
Harmonic reduction by v/aveform synthesis is another frequently 
used technique specially in larger installations where several 
inverters are fun in parallel but phase shifted, their outputs being 
summed by a transformer to produce a stepped waveform with reduced 
harmonic content. The same effect can be obtained by using a 
tapped supply, as in Fig. in which the switch closing sequence
is indicated alongside the output waveform. Alternatively, instead 
of tapping the supply, the primary of the transformer can be tapped 
as shown in Fig. 3*61• The waveform indicates the switching 
sequence required to produce the stepped output shown.
Fig. 3*62 shows an arrangement in which the secondary is tapped 
but the primary is the normal arrangement of a parallel inverter.
The firing sequence of the thyristors is also shown. Provided the 
tappings on the secondary are such as to give the waveform indicated, 
it can be shown that the output contains no harmonics below the 
eleventh.
Waveform synthesis can be carried to its limit of having a very 
large number of tappings on the transformer, each connected to a 
thyristor, whose firing sequences are such as to follow the contour 
of a sine wave output. However the closer the approximation 
required the greater the complexity of the inverter. It is extremely 
difficult to justify its use with a relatively cheap single phase 
induction motor.
Comparision of Systems
Basically there are two methods of inverter voltage control.
In the first the inverter operating frequency is equal to or only 
a factor or tv/o greater than the output load frequency. Into this 
class fall the quasi-square waveform, the square waveform in which 
the fundamental voltage is varied by changing the value of the d.c. 
supply V^ , and the two pulse uni-direction and bi-directional 
systems. The second inverter control technique has been called 
’lower harmonic reduction’ and to be effective the inverter frequency 
must be ten to twenty times the output load frequency. Several
Pig 3.61 Waveform synthesis v;ith a tapped transformer
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Fig 3-62 A practical arrangement to produce a synthesised 
load voltage v/aveform
directional and bi-directional switching adopted. It will be seen 
later that high frequency inverters generally have a poor efficiency 
unless special precautions are taken to reduce -commutation losses* 
This increases inverter cost. Also it is easier to reproduce a 
waveform in which the output voltage is never zero (as in uni­
directional switching). It will be seen later that both power and 
control circuitry for the inverter can now be simplified. With 
these points in mind the previous methods described can be compared. 
Those mentioned under ’alternative harmonic control methods' are 
not covered as they are too complex for small motor drives. By 
the same token the'two-pulse systems, which give a method-of 
'selective harmonic reduction' would require an elaborate control 
circuitry and not provide adequate attenuation of lower harmonics, 
say upto the fifteenth, which in a small motor would, not be 
sufficiently damped by the low load inductance, and so cause 
appreciable losses. They are therefore not suitable for single-phase 
motor drives.
The simplest and most frequently used method of voltage control 
is that using a quasi-square waveform. Its main disadvantage is 
that the operation is normally limited down to a range of 3*1» after 
which the harmonic content becomes excessively large. It is of 
course possible to keep the voltage square (i.e. no zero periods 
in its v/ave form) and to vary the value of the d.c. supply so as to 
alter the peak of the square wave. The fundamental voltage will 
always be equal to 90% of the d.c. supply, and the proportion of the 
harmonics to the fundamental remains unchanged, at the square v/ave 
value. Therefore a very wide voltage and frequency control range 
is possible.
In the lower harmonic reduction group using a square reference 
v/ave results in an advantage over quasi-square v/ave control (since 
the harmonics vary almost linearly with the fundamental) only when 
the inverter operating frequency is ten to twenty times higher than 
the output required. However the harmonic content is larger than 
when triangular or sine references are used. It only scores over 
these tv/o systems in that the fundamental can approach 90% of the 
d.c. value compared with about 70% in the others. Uni-directional 
switching, with square v/ave reference, has a higher harmonic content 
than bi-directional switching systems, except that the carrier v/ave 
is not now present in the output.
When using a triangular reference v/ave the results are generally 
inferior to sine v/ave mixing. Since the extra complexity involved 
in generating this sine wave is not too great triangular reference 
waves are seldom used. The output obtained from a bi-directional 
system with sine reference contains slightly larger harmonics, and 
a pronounced carrier frequency , linked harmonic content. This latter 
is not important for higher chopping frequencies, when it occurs 
at harmonic numbers higher than the 15th harmonic. Since bi­
directional switching is much simpler than uni-directional switching 
it is more generally used. However the limitation in both systems 
is the reduced value of .the fundamental obtainable, compared to 
quasi-square v/ave control.
In chapters 6 and 7 it is proposed to examine several of the 
waveforms discussed here further. In the light of the above 
discussion the following systems v/ill be looked at
(1) Bridge inverter driving a standard -y hp single phase motor
K 2 ) Special -y hp single phase motor drive in which the motor 
has been rewound with a centre tapped winding to allow..it to be 
used as part of a push-pull inverter.
Within each of these tv/o systems the following four voltage 
control techniques are examined
(a) Quasi-square wave
(b) Square wave with variation of the d.c. supply amplitude
(c) Lower harmonic reduction with bi-directional switching and 
using a square v/ave reference
(d) Lov/er harmonic reduction with bi-directional switching and 
using a sine v/ave reference.
CHAPTER T
CLASSIFICATION OF INVERTER CIRCUITS (CONTINUED)
' In the previous chapter a classification system was introduced for 
inverter circuits which considered its basic configuration (bridge or 
push-pull), the voltage control method adopted, and the commutation 
system* The first tw o aspects were then examined in detail and covered 
goodness factors (1) to The present cha.pter will look at the
different types of commutation methods that can be used and will refer 
specifically to the remaining goodness factors for comparision purposes.
In almost all thyristor forced commutation circuits a charged 
capacitor is used to store the required turn off energy-. The 
classification system to be described groups the inverter circuits 
into four divisions, depending on the position of the commutation 
capacitor, relative to the thyristor being turned off, during the 
commutation interval. These divisions are shown diagramatically in 
Fig. -^.1. For parallel capacitor commutation a charged capacitor is 
connected directly across the main load current carrying thyristor. 
Assuming that the current flow is as shown with switch SW open, then 
when this switch is closed the load current will be diverted through 
the capacitor, provided its polarity is initially as indicated.
Thyristor CSR1 will turn off if the size of C and the voltage to 
which it was initially charged is such that the device is reverse 
biased for longer than its turn-off time.
For parallel capacitor-inductor commutation an- inductance L is 
connected in series with the capacitor before it is connected across 
the thyristor. When switch SW is now closed the load current will not 
transfer instantaneously to the capacitor. The current through L 
will increase gradually from zero, there being a corresponding reduction 
in the current through thyristor CSRI. When the capacitor current 
equals the load current thyristor CSR1 will begin its turn off period, 
which must exceed its specified value for reliable operation.
oo-En-ci4p«- .
In series capacitor commutation the thyristor is placed directly 
in the load current path. When the load current has decayed to zero 
thyristor CSR1 will turn off. As in the other systems described so 
far it is clearly necessary to reset the commutation capacitor before 
the start of another load cycle.
. Fig
SW
Load
L »V)
.1 The division of thyristor commutation circuits
(i) Parallel capacitor (ii) Parallel capacitor-inductor 
(iii) Series capacitor (iv) Coupled pulse
ooupjLect-purse commuoaLion is prooaoj.y m e  most iJLexioie 01 a n  
the systems. This is so since the pulse generator can be built to 
fit the load by a suitable design of the coupling transformer. This 
transformer can be two-winding or auto in construction. Generally 
a capacitor is again used as the storage device for the commutation 
energy. The disadvantage of coupled-pulse systems are that they 
tend to be more expensive, primarily due to the requirement of a 
pulse transformer.
In the following sections these four commutation systems are 
looked at in greater detail. Comparison between the various circuits 
described is made primarily on a qualitative basis, design considerations 
being left to Appendix 1. In the next chapter modifications to the 
four basic systems are described. These are often made to enhance 
one particular property of the circuit and although they may sometimes 
considerably increase the complexity of the original circuit, they 
are not sufficient in themselves to change the commutation grouping.
Parallel Capacitor Commutation
Parallel capacitor commutation is very popularly used in forced 
commutated thyristor circuits. It is relatively simple and can be 
used equally effectively with high or low supply voltages. Fag. 4.2 
shows one of the earliest configuration in which thyristor inverters 
were used. It is push-pull with a commutation capacitor C and 
ballast choke L'j. This inverter is also commonly called a parallel 
inverter, due to the commutation method. The operation of the 
circuit is as follows. With thyristor CSR1 conducting and load 
current flowing in 3A of the output transformer capacitor C is 
charged with plate a positive to b. If thyristor CSR2 is now fired 
this puts G directly across CSR1, (For the sake of this discussion the 
reverse recovery current through this device will be ignored). Load 
current transfers from CSR1 to G which begins to charge with plate 
fbf positive, load current flowing through 3ft, and CSR2. The 
capacitor voltage obtained, for close coupling between the two 
halves of the transformer, ’will be 2Vb as with m0st push-pull 
systems. Choke Lxj is a ballast inductor and prevents excessive 
currents during the commutation interval.
Fig 4*2 Basic parallel capacitor commutated push-pull 
inverter
Fig 4«3 Modification to Fig 4*2 for inhanced performance 
on inductive loads .
qzif-
shown in Fig. ^.3» The circuit is essentially as before apart from
the addition of free-wheeling diodes D1 and D2 which enable a
reduction in the size of and C. With thyristor CSK.1 'conducting
C is charged to 2V^ with plate a positive. When CSR2 is next fired
it turns off CSR1 and G discharges through , the current path
being via B-A-C-CSR2-L„ and V, . Since the load current will be1 b
substantially constant during the short commutation interval 
involved (assuming load inductance to be large) the excess of the 
commutation current over the load current will circulate via 
L -D1~'C-CSR2 after C has charged to its peak value. When the 
capacitor voltage reaches 2V^ there is a voltage across A3 of 
the output transformer so that point C must be negative to B by 
V volts. Any further capacitor charge would now be prevented by 
the forward biased action of D2 which conducts the reactive load 
current, feeding it into the supply. This is regeneration and has 
been discussed before. The commutation interval for CSR1 begins 
with the firing of CSR2 and ends when C has been completely 
discharged. The values of these components for any load current and 
thyristor turn-off time is calculated in Appendix 1.
The push-pull inverter shown in Fig. k . J  can be modified to 
that in Fig. A.A. The operation of the circuit is basically 
unchanged. However now two capacitors are required, although they 
need only have a d.c. rating. Both these circuits are relatively 
simple in construction and can have an elementary control circuit, 
which is further simplified by the fact that the two thyristors 
have common cathodes, so no gate drive isolation is necessary.
Since the commutation of one thyristor is linked with the firing of 
the next this inverter is ideally suited to voltage control techniques 
using bi-directional switching. It is not possible to get zero 
periods in the load voltage waveform with a single inverter. If 
required this can be obtained by running two inverters with a. 
common secondary, the phase relation between the tv/o primaries 
being variable. The operation is then identical to that shown in 
Fig. 3*37* but this inverter is unsuitable for multi-pulse 
(lower-harmonic reduction) unidirectional operation, as its 
complexity is then considerably increased.
CS82
Fig 4*4 Alternative arrangement of Fig 4 .3 using 
d.c. rated capacitors
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Fig 4*5 Modification to Fig 4*5 for individual thyristor 
commutation
Rig. *+ o  snows a niociirieci rorra or pusn-puiJL, paraiiei- 
commutated inverter where each main thyristor can be turned off 
individually by commutation thyristor CSR3* Its operation is as 
follows. With CSR1 conducting capacitors C1 and 02 are charged to 
volts with plate b positive* lo turn CSR1 off thyristor CSRp is 
fired. 01 carries load current and also resonates through and 
D1. Inductive load current is transferred to 1)2 and is fed back 
to the supply. To commence the negative half cycle thyristor CSR2 
is fired. C1 and 02 charge to with plate a positive, ready 
for the next commutation interval, when CSR3.- is again turned on.
It is very important to appreciate that although this inverter can 
be used to vary the effective load voltage (it is described in 
gcreater detail in chapter 7) the voltage control technique is NOT 
quasi-square v/ave. For instance when CSR1 is turned off the load 
voltage does not fall to zero since current begins to flow via D2 
back into the d.c. supply and causes the voltage to reverse polarity. 
Only v/hen this current has decayed to zero will D2 cease conduction 
and the voltage be zero. The point when this occurs is clearly 
dependent on the load and the operating frequency.
Another parallel capacitor commutated inverter which allows 
individual turn-off of the two current carrying arms is shov/n in 
Fig. k , 6 . Initially CSR3 is fired to charge C1 with plate a positive. 
This thyristor then goes off. When CSR1 is fired C resonates 
through and D3 and recharges with plate b positive. To turn 
CSR1 off CSR3 is re-fired. Load current will flow through C1, 
charging it to 2V^ with plate a positive. Thereafter diode D2 
will conduct feeding the current back into the supply. During the 
time CSR1 was on thyristor CSR4 is fired to prime C2. It goes off 
after this has charged to 2V, with plate a positive, when CSR2 
is now fired C2 resonates through L2 and D4- and recharges with 
plate b positive. This voltage is held by the reversed-biased 
action of D4- until the next commutation v/hen CSR^ f is turned o'n.
It is clear that, like Fig. 4.5, this inverter cannot produce true 
quasi-square waveforms on its own. If it was required to do this 
then, for example in Fig. 4-.3* a switch (forced commutated thyristor) 
must be introduced in the main supply line from the battery.
Suppose CSR1 is conducting and it is now required to drop the 
output voltage to zero. Then CSR1 is kept conducting but the supply 
line is.opened. Load current free-wheels via CSR1-L^-D2-CA, load 
voltage being negligibly low. To commence the negative half cycle
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Fig 4*6 Another inverter arrangement which allows 
individual thyristor commutation
Fig 4*7 Avoidance of capacitor reset pulse through 
the main thyristors in Fig 4*6
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as before. Sufficient time must of course be allowed for the charging 
of the commutation capacitor after re-applying the supply before this 
is attempted.
In the inverter of Fig. 4.3 it is seen that both the set and
reset pulses of the commutation capacitor flow through the main
tcV'-A'vvrt
thyristors, so increasing their current -rating. For the circuits
A
of Fig. 4.5 and 4.6 only the set v pulse of C1 occurs when CSR3
is conducting and does not flow through CSR1. However .the’ reset
pulse flows via CSR1 and L^-D3« At high frequencies this current 
can ada appreciably to the mam thyristor current ra-tm-g. It can 
be avoided in certain instances. For instance Fig. 4.7 shows a 
modification to Fig. 4.6 in which-diodes D3 and D4 are replaced by 
thyristors CSR5 and CSR6, this part of the circuit also being slightly 
re-arranged. The commutation capacitors are set by firing CSR3 and 
CSR4 as before. However the reset pulse occurs when CSR5 or CSR6 
is turned on (normally simultaneously as CSR1 or CSR2 respectively) 
and does not now flow through the main thyristors.
Bridge inverters, can of course be operated by similiar
commutation methods as parallel inverters. Fig. 4.8 shows a
parallel commutated inverter which is almost identical in concept
to Fig. 4.3. With CSR1 and CSR4 conducting, during one half of the
load cycle, capacitor C is charged to with plate a positive.
To turn these devices off, thyristors CSR2 and CSR3 are fired.
Capacitor C now provides the load current and also carries the
current in and via CSR2 and CSR3* When the capacitor voltage
reaches V, diodes D2 and D3 turn on and feed inductive current back b
to the supply. As for the push-pull inverter inductors and Lp 
are necessary to prevent the supply being short circuited during 
the commutation interval.
Another bridge circuit which may be considered to be an
, M b
extension of a push-pull inverter is -shown in Fig.4.9 . Thyristors 
CSR5 and CSR6 are the devices which are commutated, the remaining 
thyristors CSR1 - CSR4 merely acting to steer the load current.
The commutation method used for CSR5 and CSR6 is seen to be identical 
to that shown in Fig. 4.7, and works in the same way. Suppose 
CSR5, CSR1, CSR4 and CSR6 are conducting. If now CSR5 and CSR6 
are turned off the load current will flow through diodes D2 and 
D3, the load voltage reversing. Thyristors CSR3 and CSR2 can be
CSR.I
Fig 4*8 Bridge equivalent of the push-pull inverter 
of Fig 4.3
CS RI
Fig.4*9 One type of bridge equivalent of the push-pull 
inverter given in.Fig 4*7
D2 and D3 and then reverses. This operation modes gives a bi­
directional output waveform. For unidirectional switching only 
CSK5 or CSR6 is turned off. For instance with CSR1 and CSR4 
conducting thyristor CSR6 is turned off. Load current free-wheels 
through CSRp - CSR1 - D3 and the load voltage is negligible if 
device volt drops be ignored. To reverse the load it is first 
necessary to turn-off CS.R5 so that the current flows through D2 
and D3. After a time greater than the turn-off time of CSR1 
thyristors CSR5 anc* CSR6 are re-fired along with., one pair of the 
steering thyristors. This bridge circuit is therefore quite 
flexible regarding voltage control systems. It however uses 
relatively complex power and control circuits, and is not very 
popular.
Fig. 4.10 shows an alternative form of parallel capacitor . 
commutated bridge which is more economical. It is similiar to 
Fig. 4.9 in that the commutation system is external to the bridge 
so that extension to three or six phases can be made by adding on 
more legs to the steering thyristors, as shown dotted, without 
modifying the commutation system. . Suppose thyristors CSR1 and 
CS'Rk are conducting and supplying positive load current. If 
thyristor CSR3 is now fired it-will charge C with plate a positive. 
When CSR3 turns off thyristor CSR6 is turned on. This reverses 
the charge on C, via L_, so that when CSR3 is next fired the voltage 
across the conducting thyristors are reversed and they turn-off.
Load current is supplied by C through L2-L2-load-D3-L^. The 
capacitor also charges through L^-L^-V^. When the current in 
these chokes have decayed to zero the load current will be fed back 
to the supply through D2 and D3 until the next half cycle, v/hen CSR2 
and CSR3 are fired. It is possible to obtain zero periods in 
the output voltage by this commutation method. For instance v/hen 
CSR1 and CSR4 are conducting pulses to CSR1 are maintained while . 
those to CSRk are removed prior to the start of commutation. This 
will cause CSR1 to remain on,load current flowing via CSR1-load-D3-L^. 
Before the start of the next half cycle, that is when CSR2 is 
fired, it is now necessary to turn CSR1 off by alternately firing 
CSR6 and CSR5.
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F i g  4*10 Externally commutated parallel capacitor 
bridge inverter
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Fig 4*11 An alternative form of externally commutated 
parallel capacitor bridge inverter
commutation, based on t'he principle shown in Fig. ^.10. Fig. -^.11 
shows another similiar system. The commutation circuit CSR3 - CSR8 
and capacitor C is external to the bridge, which can be readily 
extended to three phases by the addition of a third leg. With 
the arrangement shown thyristors CSR3 and CSR6 are effective in 
commutating devices CSR2 and CSR^ f and thyristors CSR7 and CSR8 
turn-off CSR1 and CSR3* Inductors L and L. are low valued and 
prevent short circuit of the capacitor during the commutation 
interval. Suppose CSR1 and CSPA are conducting and C is charged 
from, a previous cycle with plate a positive. To turn CSR1 off 
thyristors CSR7 and CSR8 are fired. This.puts C directly across 
CSR1 via CSR8, D2 and CSR7 so that it turns off by parallel 
capacitor commutation. Load current is fed by C via CSR8-D2-load- 
uSRif-V^-CSR7# When capacitor C has charged with plate b positive 
the load current continues circulating via CSRk and D2, 1)6 so that 
load Voltage is almost zero. Inductors .L^  and are seen .to be 
necessary to prevent short-circuiting the capacitor during 
commutation via USR8-D2-D1 Cor Dif-D3) - D5-CSR7. Before CSR3 can 
be fired it is of course necessary to turn CSR^ f off by turning on 
CSR3 and CSR6. The commutation capacitor was charged to the 
correct polarity due to the previous cycle.
Before leaving parallel capacitor commutated inverters it 
■would be instructive to examine a further circuit which uses an 
unusual turn-off arrangement. This is shown in Fig. -^.12 and is 
a form of internal commutated inverter. Its operation is such 
that firing a thyristor in either the top or bottom half of a 
leg will automatically commutate the other device in the same 
leg. Suppose thyristors CSR1 and CSR^ r are conducting. Then 
both capacitors C1 and U2 are discharged whereas C3 and are 
charged to the supply voltage (d.c. volt drop across inductors 
and device losses being neglected!, t o  turn CSR1 off 
thyristor USR2 is fired. Since the charge on a condenser cannot 
change instantaneously the anode of thyristor CSR1 is pulled 
down to the negative supply line through C2 while its cathode is 
maintained at +V^ via C1. There is therefore a reverse voltage
of Vb across uSR1 provided by the parallel connection of C1 and 
C2. The load current-would' now free-wheel through D2 and CSR^ 
giving zero load voltage. To turn CSR^f- off thyristor CSR3 is 
fired. Fig. ^.13 shows the relative positions of the capacitors 
and thyristors during this interval, assuming the chokes to
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Fig 4*12 A novel type of internally commutated parallel 
capacitor bridge inverter
C l CSRlfCSRS
Fig 4*13 Arrangement of components during a commutation 
interval of the inverter in Fig 4*12
Since each capacitor is charged to thyristor CSR4 v;ill see a 
reverse voltage of when CSR3 is fired, and once again it is 
parallel capacitor commutation (supply impedance being neglected).
Parallel Capacitor-Inductor Commutation
This form of commutation can readily be derived from any 
parallel capacitor commutated system by adding a choke in series 
with the commutation capacitor. Its prime advantage is in limiting 
the rate of rise of current through devices, and in some arrangements 
it can give a simpler overall system. However, parallel capacitor- 
inductor commutation can give rise to requirements for unrealistic 
commutation components values v/hen the load current is large and 
the supply voltage is low. '
Fig. 4.14 shows the circuit of Fig. 4.7 modified for parallel 
capacitor-inductor commutation by the addition of inductors 
and L^. The operating principle of the system is unchanged.
But whereas previously when CSR3 was fired the load current 
transfered instantaneously (limited by lead inductances only) 
from CSi^ 1 to CSR3, giving large di surges in this device, in 
the present system the current ^  build-up in CSR3 is 
controlled by L_. This means that firing CSR3 does not start 
the commutation interval. This commences v/hen all the current has 
been transfered from CSR1 to CSR3, ana ends when the voltage across. 
CSR1 again goes positive.
A very popular and efficient parallel capacitor-inductor
i r? .commutated inverter is s h o w n in Fig. 4.13* Apart from illustrating 
a new commutation method it also shows a bridge configuration 
which has not been described before. All single phase bridge 
circuits can be reduced to one leg, instead of two, if a centre- 
tapped supply is available. Therefore in Fig. 4.13 thyristors 
CSR1 and CSR2 are the bridge inverters and diodes D1 and D2 the 
free-wheel devices. Firing CSR1 causes positive load voltage and 
current whereas v/hen CSR1 is turned off and CSR2 fired the load 
current and voltage go negative. Thyristors CSR3, CSR^ f, capacitor C 
and inductor L are the commutation components. It is clearly 
possible to extend this circuit to a bridge system not using a
___
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Fig 4*14 Modification to Fig 4*7 for parallel 
capacitor-inductor commutation
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Fig 4*15 Parallel capacitor-inductor commutated bridge inverter 
with & tapped supply
ueip p eu  s u p p j.,y , wj.ch vwu o r t n r e e  l e g s  u . e .  s a n g a e  or r n r e e  pnase; * 
But then each leg must have associated with it a commutation system 
as illustrated in Fig. 4.15® Therefore sometimes this circuit can 
become expensive in components.
Suppose CSR1 is conducting. Thyristor CSR4 is now fired to 
charge C with plate a positive. This thyristor will turn off • 
when the capacitor has been fully charged. To turn thyristor CSR1 
off at a later period in the cycle thyristor CSR3 is fired. This 
discharges C through L and D1 so .reverse-biasing CSR1. Thyristor 
CSR2 can now be fired to commence the negative half cycle, when 
required. Since it is possible to commutate each thyristor in 
a leg independently this inverter can clearly be used"with.any 
voltage control system, even when there are zero periods in the 
output waveform. Quite clearly it is not possible to short-circuit 
L and so modify this system for parallel-capacitor commutation 
due to the large discharge current that would.now flow through D1 
and CSR3« If this were done inductor would need to be inserted 
in series with each free-wheeling diode, which would also produce 
a voltage drop v/hen carrying normal load current.
The circuit shown in Fig. 4.16 resembles Fig. 4.10 in using
a single external commutation system,■whereas like Fig. 4.9 series
inductors are replaced by thyristors. This makes it less bulky
r b
since the inverter of Fig. 4.16 was primarily designed for 
aerospace applications. Suppose CSR5 and CSR6 are conducting 
along with two other bridge steering thyristors. Thyristor CSR8 
is fired which charges C through L to a voltage greater than 
with plate a positive. To commutate the bridge thyristor CSR7 
is fired. C begins to discharge through L and supply the load 
current, the increase in the current via this path being accompanied 
by a corresponding reduction through CSR5 and CSR6. When the 
current through L equals the load current (assumed constant -during 
the commutation interval) thyristors CSR5 and CSR6 turn-off, 
this clearly being a case of parallel capacitor-inductor commutation 
After C has discharged (and partially recharged with plate b 
positive) thyristor CSR7 turns off. If it is desired to maintain 
zero load voltage one of the previously.conducting thyristors is 
now refired along with CSR5 or C.SR6. Ilov/ever a second commutation 
is then required to turn this off before the load voltage can be 
reversed. As before it is not possible to modify this circuit 
for parallel capacitor commutation merely by short circuiting
I__
Fig 4*16 Lightweight parallel capacitor-inductor commutated 
bridge inverter
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Fig 4,17 A simple series capacitor commutated inverter
inductor L. This would prevent C charging to a voltage greater than 
when CSRS is fired (an essential requirement) as well as short- 
circuiting the capacitor through CSR5 &nd CSR6 during this interval.
Series Capacitor Commutation
As was seen in Fig. /i-.1 a series-capacitor commutated inverter is. 
turned-off by the action of a capacitor in series with the main 
thyristor. However it is now necessary to reset the capacitor before 
this thyristor can be refired. The load current also needs to be 
reversed every half cycle. A simple series capacitor inverter of 
this type is shown in Fig. 4.17* Firing CSR1-will commence the 
positive load cycle. C will charge through L, thyristor GSR1 
turning, off when this is completed. Thyristor CSR2 is now fired 
for the negative half cycle. The voltage on C will reverse and 
thyristor CSR2 turn off when, this is completed. Although relatively 
simple this circuit suffers from several faults’ and is not generally 
used. A modified form, in which the load is connected across the 
commutation capacitor, and a bridge arrangement of thyristors used, 
is shown in Fig. M-.lo. Firing CSR1 and CSR^ commences the positive 
load cycle. C resonates through L and charges to greater than V1 
v/ith plate a positive. Thyristors CSR1 and CSRX are reverse biased 
and turn-off. For the negative cycle CSR2 and CSRp are fired.
The charge on C reverses and these devices then turn-off. Depending 
on the damping effect of the load the voltage on C will clearly 
be a series of positive and negative half cycles of a sine wave.
By timing the firing of the thyristors to correspond to the natural 
oscillatory frequency of C and L the inverter can produce a sine 
wave output.
An alternative arrangement of a sine wave inverter is shown in
H iy
Fig. A.19* C1 and C2 are two equal valued capacitors and and
*< ■ 1are equal valued chokes which may or may not be coupled together. 
Assuming initially that they are not coupled, then the operation 
of this circuit is as follows.. Thyristor CSR2 is fired to start 
one half of the load cycle. Capacitors C2 and C1 resonate through 
CSR2 and such that plate b of both capacitors is positive. 
Thyristor CSR2 is now reverse biased by voltage V1, as seen in the 
inserted waveform, and turns off. The voltage on this is held 
until CSR1 is fired. C1 and C2 now resonate through and charge ‘
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Fig 4*18 Series capacitor commutated 
bridge inverter
V  CSP.2
v, r L  .
L1-L2 not coupled
L1-L2 coupled
Fig 4*19 Bridge inverter with a simulated tapped supply5 which 
can be arranged for, series capacitor er coupled pulse 
commutation
with plate a positive. The time for which CSK2 is reverse biased
is seen to be given by t , which must exceed the device turn-offo
time. The commutation system is now by series capacitor only.
Suppose, however, that and are coupled to each other and 
that CSB2 has turned off v/ith plate b of C1 and C2 at a positive 
voltage. V/hen CSR1 is now fired C1 is connected'across . If 
its voltage is equal to then for a 1:1 ratio coupling between 
and the anode of GSR2 is driven negative by a further voltage 
which would now equal . The voltage then starts to build up 
from this point as the capacitors charge through . The turn-off 
time t ■, as seen by the thyristors has therefore been increased.
This means that the.two thyristors can be fired one after another, 
with less chance of a commutation failure, and so give a substantially 
sinusoidal output. However the commutation method is now no 
longer series-capacitor but is called coupled-pulse. It is dealt 
v/ith in the next section and illustrates the fine division.which 
can sometimes exist v/ith som e circuits within these commutation 
groups.
From the above discussions it is seen that series-capacitor 
commutated inverters are most efficient v/hen used with sine-v/ave 
inverters in which the inverter frequency is related to the 
resonant load frequency. In the discussions so far the two 
frequencies have been maintained equal. However this does not 
necessarily have to be so® In Fig. 4.20 the output load is a 
tuned circuit with relatively high Q. Once it is set into
oscillation it will therefore produce a sine wave output whose 
amplitude decreases slowly due to losses. Periodically thyristors 
CSR1 and CSR2 are fired to compensate for this. Fig. 4.20 also 
shows various circuit waveforms. Firing thyristor CSH1 will charge 
C1 with plate a positive. CSB1 now goes off and CSR2 is fired. 
Capacitor C1 resonates v/ith the load and recharges v/ith plate 
b positive. Thyristor CSR2 will turn off and remain reverse ’ 
biased so long as the peak amplitude of the load oscillations are 
arranged to be lower than the capacitor voltage. This is shown 
clearly in the thyristor waveforms. Such an inverter is very 
useful since the output frequency can be several times the inverter 
frequency, allowing slower turn-off devices to be used. However 
if the Q of the load circuit is low the inverter frequency approaches 
the output frequency and in the limit must be equal to it.
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Fig 4,20 Series capacitor commutated inverter in which the 
load frequency is several times that at which 
tns devices operate
■mere is or course no reason wny serres-commutation cannot; oe 
applied to push-pull inverters. Fig, 4-.21 shows such an arrangement. 
The operation of this is very similiar to rig. 4,20. Thyristors 
CSH1 and 0SR2 are alternated with the firing of CSI?3 and USR4 so as 
to give oscillations in the two halves of the output transformer 
alternately. Since the arrangement is symmetrical there is of 
course no transformer d.c. component.
Coupled-Pulse Commutation
Coupled-pulse systems are the most flexible of the commutation 
methods described, since the presence of a transformer enables the 
commutation source to be of a different value and nature compared 
to the main inverter supply. Fig. 4.22 illustrates a push-pull 
inverter which is operated by coupled-pulse commutation. The 
current in CSR1 is blocked by a pulse in T^, of the polarity shown, 
provided the secondary voltage exceeds the supply. Capacitor C1 . 
gives a low impedance path for this induced, voltage to turn off 
the thyristor. Similiar considerations apply for thyristor CSR2.
Fig* 4.2p shows an alternative form of coupled pu3.se circuit 
which uses the same source as the main inverter. and are
tapped chokes which are not coupled to each other. The former is 
effective in commutating thyristors in the top half of the bridge 
and the latter turns off devices in the bottom half. Suppose CSR1 
and CSR4 are conducting. Thyristor CSR6 had been fired during a 
previous cycle so that C1 is charged \;ith plate a positive whereas 
C2 is discharged. To turn CSR1 off thyristor CSR3 is fired. This 
couples C1 across the tapped portion of and, depending on the 
turns ratio of this auto-transformer, the anode of CSR1 and CSR3 
are driven below the negative supply rail. They therefore turn 
off. Inductive load current can continue flowing through CSR4-L2-D2 
giving negligible load voltage. Capacitor C2 now charges with 
plate a positive while C1 discharges to zero. .Before the start of 
the negative half cycle CSR6 is. fired to commutate CSR4 by a 
similiar process to the above. Since CSR1 is off load current must 
now flow into the supply via D2 and D3* Thyristors CSR2 and CSR3 
may be fired after the commutation of CSR4 has been completed.
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Pig 4*21 A push-pull arrangement of Pig 4*20
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Pig 4*22 Coupled-pulse commutation in a push-pull inverter 
using a two winding transformer
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Fig 4*23 & bridge inverter with auto-transformer
coupled-pulse commutation
Fig 4*24 A bridge inverter with two-winding transformer 
coupled-pulse commutation
Fig, A. 24 shows a circuit which, although similiar in principle 
to Fig, -^.23, uses a two winding coupling transformer, V/ith CSR1 
and CSRk conducting' capacitor C1 is discharged via path CI-L^-CSRI- 
D1-D6, whereas C2 charges to the supply voltage. To turn both 
CSR1 and CS>Rk off thyristor CSR5 is fired. This couples a pulse 
via into L^, The reverse recovery current for CSR1 now flows 
in the path L^-C1-GSR3-I>2-CSR1-L^ and for CSR^ f-it follows 
L^-C1-CSR3-CSR4— D3-D5-k^• Although both thyristors are off the load 
current can still freewheel in the path D3-D6-CSR3-D2 giving zero 
load voltage. To commence the next half cycle'CSR3 and CSS2 are 
fired. This discharges C1 (which had charged to when CSR5 was 
on) through L^-CSR3-D3-D5 and couples a pulse to turning CSR3 
off. Capacitor C2 then recharges to ready for the next cycle.
This circuit has the advantage over previous circuits that since 
free-wheeling current does not flow through the main thyristors 
they can have a lower mean current rating. The size of CSR5 is 
normally fixed by the peak current it carries during commutation.
Perhaps the most frequently used of all bridge inverter circuits
■ "3*3is that shown in Fig.. A.23. It is an internally commutated inverter 
where firing any thyristor will automatically turn-off the device 
in the other half of the same leg. It therefore simplifies the 
control circuit requirements. In this respect this inverter can 
be compared with that shown in Fig. ^.12, when it is seen that two 
inductors have been replaced by a single centre-tapped auto­
transformer. Suppose in Fig. A.23 thyristors CSR1 and CSR^ f are 
conducting. Capacitors C2 and C3 are therefore charged to with 
plate a positive. To turn CSR1 off thyristor CSR2 is fired. C2 
discharges through the lower half of coupling a pulse to the
top half and reverse biasing CSR1 by V^. Inductive load current 
circulates via CSR2 and D2. until the negative half cycle when GSR3 
is fired. C3 now couples a pulse to CSR^ via turning it off as 
before. The operation of this inverter is analysed in detail in 
Appendix 1.
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Fig 4.25 A popular form of auto-transformer 
coupled-pulse bridge inverter
SPECIALLY MODIFIED INVERTER CIRCUITS
There are a galaxy of thyristor inverter circuits. Some have been 
designed purely to get round a patent infringement, or for novelty. 
Others are developments of standard circuits v/hich enhance one 
particular aspect of its operation. It must be emphasised that these 
changes do not in themselves alter the commutation grouping of the 
inverter. In this section four such modifications will be examined. 
These are as follows
1). Circuits to prevent voltage boosting
2) Circuits to give voltage boosting
3) Circuits to enable operation from a separate main and
commutation inverter supply
k ) High frequency inverters.
These four modifications are examined below v/ith reference to a 
few circuit examples.
Prevention of Voltage Boosting
Voltage boosting is a phenomenon whereby the voltage across the 
commutation capacitor is increased, usually proportional to load 
current. It can be most undesirable in applications where the 
increased voltage will require devices v/ith considerably higher 
voltage ratings to be used. For example consider the parallel- 
capacitor, externally commutated bridge circuit shown in Fig. 5*1 •'
It is typical of many other similiar circuits described before. To 
commutate the bridge inverters thyristors CSR5» CSR8 and CSR6, CSR7 
are fired in pairs. For instance suppose the capacitor is charged 
with plate b positive. Thyristors CSR5 smd CSR8 are then fired.
C v/ill discharge through and and recharge with plate a positive. 
All conducting bridge thyristors are turned off. During the next 
commutation CSR6 and CSE7 are fired. Again C v/ill resonate through 
L ^ and L^. This successive resonance v/ill result in a gradual build 
up of capacitor voltage over several cycles. It can be worse on 
heavy loads v/hen the load energy stored in and is also
transferred to C, For zero circuit losses the capacitor voltage
Pig 5«1 Parallel capacitor commutated bridge inverter 
with inherent voltage boost
Pig 5.2 Prevention of voltage boosting in the 
inverter of Pig 5*1
V , vastly increasing the voltage rating of all bridge devices. 
Several methods may be used to limit this voltage. For instance 
in Fig. 5*2- diodes D5 and D6 are connected across and L^ as 
* shown dotted. This prevents oscillations through these inductances 
and clamps the voltage at C to V^ . The price to be paid is the 
large circulating current in these diodes during each commutation 
which gives rise to losses and lower efficiency. A much better 
solution is to feed back the energy, which would normally be stored 
on the capacitor as voltage, to the supply by transformer l y  The 
peak voltage across the secondary of this transformer is limited ,to 
Vb by the action of diode bridge D7* The capacitor voltage is 
determined by the turns ratio of T^* For a 1:1 ratio the capacitor 
voltage cannot exceed V^ , any energy which would give an excess 
over this value being fed by T^ to the supply. The increased 
efficiency is now clearly obtained at the expense of greater circuit 
complexity.
Voltage overshoots can frequently occur due to practical 
imperfections, even though they were not expected in the design 
stage. In Fig. k . k  for instance the peak capacitor voltage should 
be clamped to 2Vb# Suppose CSR2 is fired to commutate CSR1, 
Capacitor C2 discharges through while the voltage on G1 builds 
up due to the transfer of lead current from CSR1. V/hen C1 reaches 
2\rb the voltage across AB of the transformer is V^ with A positive 
to B. By auto transformer action, ASSUMING CLOSE COUPLING between 
the two windings AB and BC, point C is now at the potential of the 
negative rail. Any further increase in the voltage of C1 is 
prevented by the conduction of D2 which clamps voltage across 
BC and therefore across A3. However if the coupling between the 
two windings is 2iot 100%, as is normally to be expected, C1 will 
charge to a voltage greater than V^. This will then oscillate 
i-/ith the leakage reactance of the transformer. Fig. 3-3 shows a 
modification which minimises this effect. Resistors in series 
with the capacitor damp out any oscillations while diodes D) and D*f 
ensure that they do not effect the commutation action of the 
capacitors.
Increasing Voltage Boosting
Voltage boosting on the commutation capacitor, provided it is 
held on this capacitor until just prior to the commutation interval, 
is often a very desirable circuit feature. It can give greatly 
reduced commutation components and although the device voltage 
ratings are increased proportionately, this is often not significant!; 
important when the original supply voltage is low. m  the previous 
section it was seen that boosting often occurs naturally in 
some inverters, and if this is a desirable feature all that is 
required is to maintain this voltage 021 the capacitor until it is 
.required during the next commutation. ±n Fig. 5-1 for instance the 
extra voltage on C is held until the opposite thyristors are fired 
for another commutation, whereas in i'ig. k . k  this voltage will 
oscillate v/ith the output transformer and v/ill be lost. We will
see later how this can be prevented.
There are generally two techniques for voltage boosting. The
first is known as series inductor boosting and the second is
transformer (two-winding or auto-transfonner) boosting. In series
inductor boosting.a choke is placed in series with the main load
current path, or free-wheeling circuit, such that energy stored
in this inductance is later transferred to the commutation capacitor.
Fig. 3*1 was one example of this. Fig. 3*^ shows a modification
to Fig. k . 8  v/ith voltage boosting inductors .in the free-wheel
diode circuit. First the operation of Fig. ^-.8 can be re-examined.
Suppose CSR1 and CSRk are conducting and thyristors CSR2 and CSK3
are fired to start the commutation interval. Capacitor C v/ill
discharge through the load and charge with plate b positive.
Simultaneously current v/ill build-up in and via CSR3-C-CSR2.
When the voltage on C reaches V, diodes D2 and D3 become forward ^ b
biased and carry load current as well as the free-wheeling current
of and which circulates in CSR3-D3 ana CSR2-D2 respectively. 
Obviously no voltage boosting can occur. If however an inductor 
is placed in series v/ith the free-wheeli/ig diodes, then current 
flowing in this v/ill result in a voltage drop so that the capacitors 
can charge to greater than the supply. This is shown in Fig. 3*^* 
Voltage loss across L-, and due to the flow of load feedback
current means that the junction of D3-D1 and D2-D^ f anodes can
rise to greater than V^. The capacitor voltage follows, this value.
Fig 5*3 Reduction of boost voltage oscillations in the parallel 
capacitor commutated push-pull inverter of fig 4*4
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Fig 5.4 Series inductor voltage boost in a parallel capacitor 
commutated bridge inverter
desirable effect. However it is now essential to prevent the 
capacitor voltage from discharging back into the supply once the 
voltage across the feedback chokes start to decrease, i.e. when 
load current starts to fall and reverse. This is done by thyristors 
CSR5 and CSR6. Thyristor CSR5 is fired with CSR1-CSR4 and thyristor 
CSR6 v/ith CSR3-CSR2. For the instance being considered above, 
when CSR2, CSR3, CSR6 are fired. Once C has charged to a peak 
voltage with plate b positive, thyristor CSR6 is reverse biased, 
and since CSR5 is not fired the voltage on C is held until the 
next commutation interval. Fig. 3*4- illustrates only one method 
of retaining the boost voltage. Several other techniques exist, 
but these will not be considered further.
Series inductor boosting in a push-pull inverter is shown in 
Fig. 5*5* Under normal circumstances (assuming 100% coupling 
between the two halves of the transformer and L' missing) v/hen 
one of the freewheeling diodes conduct the voltage across the 
capacitor is clamped to 2V^. With I^ added the voltage drop 
across this inductor adds to the supply and allows the capacitor 
voltage to exceed 2V^, Series diodes D3 and D4 now prevent 
oscillations between this voltage and the supply, and so maintain 
the voltage boost until it is required during the next commutation 
interval.
Boosting v/ith a transformer can conveniently be added to 
circuits such as Fig. 5*5'which use an output transformer. An 
extra high voltage winding is now added to feed the commutation 
capacitor. Fig. 5*6 shows a modification to the coupled-pulse 
inverter of Fig. 4.25 for transformer voltage boosting. The 
primary of transformer T1a is connected in series v/ith the load, 
secondaries T1b to Tie feeding the individual commutation 
capacitors. The polarity of these windings are indicated. The 
voltage induced in Ta1 will clearly be proportional to the change 
of load current and this can be stepped up to feed the respective 
capacitors. Diodes D1-D4 are the usual free-wheeling components 
for load current, whereas D5-D8 are necessary to preserve the 
peak boost voltage on the capacitors. Otherwise the operation 
of the circuit is essentially as for Fig. 4.25*
Fig 5*5 Series inductor voltage boost in a parallel capacitor 
commutated push-pull inverter
Fig 5*6 Transformer voltage■boost added to the coupled-pulse 
bridge inverter shown in Fig 4*25
Auxiliary Commutation Voltage Source
It was shown in Chapter 3 that one of the techniques used to 
control the output voltage from an inverter is to vary the d.c. 
supply while maintaining a square wave trigger signal to the 
thyristors. Since in .all the circuits discussed so far the 
commutation and load supply are derived from the same d.c. source, 
a reduction of the load voltage would mean a loss of commutation 
voltage, v/ith a possible inverter fail.ure. For inverters which 
are-designed to operate on the lowest d.c, voltage expected, 
higher voltages would mean that the components are unnecessarily 
bulky and expensive, and commutation losses and device ratings 
are increased. Quite clearly the ideal solution to this is to 
have two d.c. sources. One is variable and supplies the load, 
whereas the other is fixed and feeds the commutation circuit.
Fig. 5*7 shows the circuit of Fig. 4.10 in which an auxiliary
commutation source V, _ is used. Even if V. . is zero the caoacitorb2 b1 -
will charge to 27^^ v/ith plate b positive (assuming negligible 
resonance loss in L^) when CSR6 is fired.. However this voltage 
will increase as increases and C charges with plate a positive 
v/hen CSR5 is fired. Therefore this circuit provides a minimum 
commutation voltage but cannot maintain this voltage constant.
Fig. 5*8 shows a modification to Fig. 5v^ which uses an 
auxiliary commutation source Diode D5 prevents this source
from feeding the load, even in the absence of resistor R1. The 
commutation capacitor first charges rapidly to through this
diode and then more slowly to through R1. This resistor also
limits circulating currents v/hen is greater than
Assuming that is equal to or greater than the peak value of
the commutation voltage is clearly fixed at a conveniently 
high voltage irrespective of the value of Y.^.
Coupled-pulse circuits such as that shown in Fig. 4.22 are 
of course best suited to auxiliary commutation voltage operation.
T2-
Fig. 5.9 shows a bridge inverter which uses a tapped supply. 
Thyristors CSR1 and CSR2 are the main,devices supplying the. load 
v/hereas CSRp and CSR4 provide the commutation pulse. Inductors 
and are centre-tapped and coupled together. Suppose CSR1 
is conducting, load voltage being ^ 1* ^aPaci^or  ^ -^s charged
CSBI
bT
Pig 5.7 Addition of an auxiliary commutation voltage 
source to the inverter of Pig 4*10
m t w h —tM»mm in inn v j ^ i n  i"ini>
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Fig 5*8 Addition of an auxiliary commutation voltage 
source to the inverter of Fig 5*1
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Fig 5«9 A coupled-pulse inverter with an auxiliary 
commutation voltage source and a centre- 
tapped supply
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Fig 5*10 Addition of an auxiliary commutation voltage 
source to the inverter of Fig 4
the capacitor voltage and that of the lov/er half of v' is applied 
across . This couples a pulse to turning CSR1 off. Load 
current is fed back to the lower v supply via 1)2. When this 
has decayed to zero thyristor oSR2 is fired to start the negative 
half cycle. Thyristor uSh3 can then be fired to turn this off.
It is clear that the commutation capacitor voltage is now •
substantially constant, irrespective of the value of •
Coupled-pulse circuits sucn as that shown in Fig. 4.25 are 
slightly more involved when modified for auxiliary commutation 
voltage operation . Fig. 5«10'shows one possible technique*. As 
in Fig. 5*8 the capacitors charge rapidly to V^, and then more 
slowly, through resistorsR1 to R4, reaching Since need
only be effective when the main source is at a low voltage, 
i.e.-when the inverter period is long, the values of the charging 
resistors can be made large, so that the power requirements of 
this auxiliary supply are modest.
Almost all standard inverter circuits can be modified to 
operate from an auxiliary commutation source. However circuit 
complexity is increased to a varying degree. For instance the 
parallel capacitor-inductor commutated circuit of Fig. 4.15 requires 
only two additional diodes, as in Fig. 5*11 to isolate the two 
supplies. Clearly therefore the user must have a flexible approach 
when choosing inverter circuits so that a new class may be adopted 
if it gives a simpler circuit for the modification being desired.
High-Frequency Inverters
There are three considerations which have to be taken into 
account in the design of high-frequency inverters. These are
(i) The time required to set and reset the commutation capacitor
(ii) The losses which occur during commutation
(iii) The minimum turn-off time which the thyristors must see.
* F.F. Mazda Patent Application No. 46763/70, Oct.1970
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Pig 5•11 The inverter of Fig 4.15 modified for operating 
from an auxiliary commutation voltage supply
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Pig 5.12 Increasing the efficiency of a push-pull inverter 
by feeding circulating currents to the load
in most inverter circuits. However consider the inverter shown 
in Fig. 4.2. Suppose thyristor CSR1 is conducting and C is 
charged with plate a positive. To turn CSB1 off thyristor CSR2 
is fired. Load current now flows through via winding BA and 
then into C. The capacitor discharges and then charges with 
plate b positive. It is not possible to fire CSR1 (to commutate 
CSR2) until this has occured. But the charging current for C 
flows through the load. Therefore if the load has a high 
impedance the maximum operating frequency is severely limited. 
Modifying the circuit to that shown in Fig. 4.3 overcomes this 
limitation. The capacitor can now resonate through and is 
almost completely reset* only the resonance loss is made up by 
load current.
Although commutation losses do not impose such a fundamental
limitation on the maximum operating frequency as the capacitor
set and reset times, it can give very poor efficiency at higher
frequencies. Refering to Fig. 4.3 when CSR2 is fired to start
the commutation of CSR1 capacitor C discharges through and then
recharges to 2V^ with plate b positive. At this point diode D2
'conducts feeding load energy back into the supply. The energy
stored in due to the passage of load current from a previous
cycle is now lost as circulating current in D2 and CSR2. This
is a loss per commutation so that the higher the frequency the
greater the commutations per second and the lower the inverter
■3-3
efficiency. Fig. 5*12 shows one system which may be used to 
increase efficiency when the load can be tapped. The energy 
trapped in during each commutation-will be forced to flow 
via the feedback diodes,, through part of the output transformer 
and will therefore be fed to the load. Apart from affecting the 
load waveform such a system results in the devices seeing a 
voltage larger than 2V^ since the supply is impressed across BE 
or BD which is less than half the total primary. The capacitor 
voltage is of course also boosted by the same amount but-will be 
lost before the next commutation unless series diodes are used 
as in Fig. 3*5
The coupled-pulse bridge of Fig. 4,23 is also prone to 
commutation losses. At any commutation the energy stored in 
half the inductor circulates through the thyristor last fired, 
and its corresponding free-wheeling diode, and is lost. Fig. 5*^3
'a.
Fig 5«13 Increasing the efficiency of the coupled-pulse 
bridge inverter shown in Fig 4®25, by feeding 
circulating currents back to the supply
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Fig 5.14 A ’lossless’ parallel capacitor commutated 
push-pull inverter
snows the addition of two transformers T1 ana T2 m  the circulating 
path which feed back the e n e r g y  stored in these inductors to the 
supply via diode bridges D5 and D6 . Since the voltage across the 
secondary of these transformers is clamped to V , the primary 
voltage being determined by the turns ratio, the capacitors will 
charge to greater than \i . If the voltage boost is required for 
commutation, series diodes must again be used.
Since commutation loss is caused mainly by the energy stored 
in choke several types of 'lossless' inverters elliminate this 
altogether. Fig. 5*1^ shows such an arrangement for a push-pull 
inverter, which is extended in Fig. 5*^5 to a bridge circuit.
Series inductors are not necessary since there is no risk of 
short-circuiting the supply during the commutation interval. 
Refering to Fig. suppose thyristors CSR1 and CSR3 are
conducting. Thyristor CSRk is now fired to charge C with plate 
a positive. The thyristor turns off.when this has been completed. 
To turn CSR1 off thyristor CSR2 is fired. Load current flows 
via CS23-C-CSR2 and C charges to Thyristors CSR3 and CSR2
then turn-off while load energy is fed back via D2. To commence 
the next half cycle CSR2 and CSR^ f are fired followed by CSR3* 
Commutation again occurs when CSR1 is fired.
The peak operating frequency of any thyristor inverter is of 
course limited by the requirement of ensuring a sufficiently long 
reverse voltage across devices. In Fig. -^.19* for example, time 
t ' must exceed the turn-off time of the thyristors. If this is 
25 /*s then the absolute maximum frequency which the inverter can 
approach is 20 kHx .• A technique which overcomes this shortcoming
H16
is known as sequencing. Fig* 5*^6 shows a three stage sequenced 
inverter with series commutation as in Fig. The load
waveform also indicates the numbers of the thyristors which'conduct 
As seen from the device waveform a thyristor is reverse biased 
during one complete cycle of the output, as. well as the xisual time 
which occurs when the thyristor in an opposite arm is fired.
The voltage induced in each primary of transformer T1 is coupled 
to a common secondary across which the load is connected. Fig.
5.17 shows a method of sequencing Fig. zf-.20. The operation of 
the circuit is illustrated by the waveforms of Fig. 5*18. In the 
example shown the thyristors are fired at one eighth the tuned 
output frequency and the bursts of energy are fed to the output
7 —
Pig 5*15 A ’lossless* parallel capacitor commutated 
bridge inverter
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Pig 5*16 A three stage sequential inverter using the basic 
arrangement Pig 4-19
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Fig 5*17 A four stage sequential inverter using the basic 
arrangement of Fig 4*20
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Fig 5.18 Circuit waveforms for the inverter of Fig 5*17
at nair tne output frequency. Tiierefore lor a load frequency of 
100 kHt- thyristors with 55 Jis turn-off time are required.
From the above discussions it is seen that although several 
modifications can be made to the various classes of inverters, 
these changes merely enhance one particular aspect of operation. 
They do not change the fundamental commutation class. As has also 
been seen sorae inverters lend themselves more readily to one form 
of modification than others. The would be designer should 
therefore have a flexible approach which would allow him rto reject 
one class of circuit in preference for another if it promised to 
give a simpler solution to his problem.
UhAFi'rJK b
EXPERIMENTAL INVESTIGATION OF INVERTER DRIVE METHODS (BRIDGE SYSTEMS) 
In the preceeding chapters several configurations of inverters 
have been described and various voltage control methods analysed.
Quite clearly there are many different combinations that may be 
"Used in any practical system, so that for an experimental investigation 
it is necessary to narrow the field. Since this study is principally 
concerned with inverter drives for small induction motors, only four 
voltage' control methods are considered i.e. (i) quasi-square wave
(ii) square wave with d.c. control (iii) mixing a high frequency 
triangular waveform Ytfith a reference square v/ave (iv) mixing a 
high frequency triangular waveform with a reference sine wave.
Both bridge and push-pull (the motor being specially rewound) systems 
are considered, since although such a special modification required 
to a motor would make it larger and more expensive than a standard 
machine, it could give a cheaper electronic control system.
Throughout the investigations the coupled-pulse bridge of iig. 4.25 
and the push-pull inverter shown in Fig. 4.5 are used. It is 
accepted that these inverters are inefficient at high frequencies 
but' they are the most popularly used and will allow greater emphasis 
to be placed on other parts of the comparision.
The systems in the following sections are looked at from two • 
aspects i^) complexity of control electronics i^i) performance 
of the system, which includes a study of circuit waveforms and 
efficiency calculations of motor and inverter.
The Bridge Motor
The motor used in tests with the bridge inverter had the 
following name-plate rating
Input supply: 
Horsepower:
Full load current 
Speed:
Manufacturer:
220-240 volts 50 Hz
y  continuous 
2 .8 amperes 
1420 r.p.m.
Brook Motors Ltd. 
Gryphon Range.
Its load characteristics were measured using the arrangement 
shown in Fig. 6.1. An operating voltage of 2350 volts at 50 Hz 
was chosen as nominal. It was adjusted by the auto-transformer 
and measured on the harmonic analyser to give a fundamental at 
this value. The A.C. Test Set gave a reading of 2^ -0 volts (total 
harmonic content) showing a slight waveform distortion. The 
Marconi harmonic wave analyser was rated down to 20 Hz only. 
Similiarly the Cambridge Instrument Test Set was designed for 
a frequency range 20-2^00 Hz. Using the known value of fundamental/ 
total harmonic content for any mark-space ratio these instruments 
were checked down to 10 Hz and gave an accuracy better than 
Manufacturers data on the Test Set at other frequencies is as 
follows
Headings are of course independent of wave shapes. The mechanical 
belt and pulley brake used was manufactured by Normand Electrical 
Co. Ltd.
Fig. 6.2 and 6*3 show plots of the motor efficiency against 
output and load torque. It follows a traditional motor 
characteristic except that peak efficiency occurs at some overload 
point rather than the more usual 80% full loading. The efficiency 
increases with load since the ’constant1 losses, such as iron, 
friction and windage, occupy a smaller proportion of the total 
losses, and the copper loss increase at a slower rate than the 
output. At larger loads the motor slip increases at a relatively 
faster rate so that the stator current and copper losses also 
increase faster compared to the output, and motor efficiency 
falls. These curves will be referred to again when comparing 
inverter drive systems.
Frequency Watts Volts/Amps
Upto 2.V kHz 
Upto 5 kHz 
Upto 10 kHz
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The inverter used is shown in Fig'. 6.^ -. The 2A0V, ^ 0  Hz 
mains is rectified by diodes D5 - D8 and smoothed by inductor 
Lp and capacitor to provide 300V (minimum) d.c. supply.
Assuming a motor commutation r.m.s. current of tv/ice full load 
current, and noting from Fig* 10.9 that peak load current can 
reach about three times the r.m.s. value, for fundamental voltages 
of 20% d.c. and at low frequencies, the peak current to be 
commutated is of the order of 20 amperes. For 3 0 0 volts d.c. 
this means a minimum load voltage of 60 volts and assuming a 
linear volts/frequency relationship from 230V, $ 0 Hz the 
minimum frequency (in order to limit the peak current) is 12 Hz 
A range 100 - 10 Hz will be investigated. Further from 
equation 10.38 the values of and C at J 0 0 volts, 20 amperes,
20 turn-off time is
L = 0.83 mHo
c = 3 r F
For convenience L = 0.9^ - mH and C = b t * F  are considered in theo '
tests below.
For a current of twice full load i.e. 6 amperes r.m.s.,
Fig. 10.10 and 10.11 shows that peak r.m.s. thyristor and diode 
current, neglecting commutation currents, would be 0.7x6 = b , 2  
amperes. The increased ratings due to the commutation currents 
are given by Fig. 10.20 and 10.21 ,
I
Therefore — - • \/~T = 0.016
L(max)
and -y~”   * >/"? = 0 .018
L(max)
For ^L(max) = 20 and working at 100 Ez , /t" =0.1 so that
I ID1 = 3*2 amperes and T1 = 3»6 amperes. Therefore the total
r.m.s. rating of thyristors and diodes are
and y j k . Z 2 + 35.22 5«3 amperes.
ISubstituting L(max) = 20, L = 0.94 mil, C = h u  F in
0 dVequation 10.39 gives a re-applied ~rr across the thyristorCl c
as 12V/s.
The circuit of Fig. 6.4 uses AEG thyristors type T6F 600 CCC 
which are rated 6 amperes r.m.s. for a case temperature of 
85°C, 600 volts and 15/^ s turn-off with 400 volt/^ -t s reapplied 
ciV * The diodes are International Rectifier type 6F 40,
6 ampere 400 volt devices.
The maximum volt drop across the thyristors (at 20 amperes)
is 2 .5 volts giving a peak power dissipation at 6 amperes of
15 watts. Therefore for an ambient of 35°C the heatsink should
have a thermal resistance of =3*3 C/watt. All15
thyristors and -diodes are mounted on the same size heatsink for 
symmetry.
It should be mentioned that Fig. 10 .20 and 10.21 are 
strictly true for values of and C as calculated from 
equation 10.3 8. Since these have been modified in the 
experimental model, due to availability of components, there 
will be a slight error.
The control electronics used to drive the inverter in 
Fig. 6.4 is shown in Fig. 6 .5 * The quasi-square voltage is 
obtained by feeding thyristors CSR1 - CSR2 with an anti-phase 
square wave and CSR3 - CSR4 with another square wave phase 
shifted from the first, as in Fig. 3«37« The inverter operating 
frequency is determined, by the voltage at pin (5 ) on the 
programmable unijunction oscillator TR2. Pulses at R3 trigger 
.one set of flip-flop TR7 - TR8 . The sawtooth waveform at 
R39 is compared with a variable d.c. level at pin (6 ) in 
comparator TR3. This produces a phase shifted waveform which is 
amplified and differentiated by 1R4, the signal then triggering 
a second flip-flop TR5 -TR 6* The collector of each flip-flop 
transistor controls a gate drive oscillator TR10 through 
transistor TR9» only one driver being- illustrated in Fig. 6.5*
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Fig 6*5 Electronic control circuit for the inverter of Fig 6*4 
using quasi-square wave control
Fig. 6 .5 also shows a circuit for cutting out the motor start 
winding once the inverter frequency exceeds a preset-value.
A method based on frequency rather than motor speed has been 
adopted as it does not involve using a speed sensor and also 
prevents large currents being drawn from the inverter if the 
motor stalls with its start- winding connected in circuit and the 
inverter frequency (and therefore voltage) is increased.
Fig. 6 .6 shows the arrangements used in the load tests.
D.C. input current and voltage are measured by moving coil 
meters. It was necessary to verify that the product of these 
meter readings gives power input by connecting the a.c. test 
set to measure the power fed to the variac. The two methods 
gave almost identical results. Fig. 6.7 to 6.10 give the 
various circuit waveforms. The load voltage and current 
waveforms with the motor stalled are as expected from Fig. 3*3* 
With the motor running its field distorts the current waveform 
to produce a characteristic volcano shape. Although the■thyristor 
voltage waveforms correspond to those in Fig. 3»3» the^ current 
is not as expected. There is a large initial rise which decays 
slowly. This is due to the commutation current which has not 
been considered in Fig. 3*3» IT a resistance is put in series 
with each free-wheeling diode this current decays rapidly, as 
in Fig. 6.8(b), and from then onwards the waveform is as expected. 
Comparing the current waveforms with and without a series 
resistance it is clear that the r.m.s. current rating of the 
device is considerably reduced by the resistance. The thyristor 
voltage waveform is substantially square, fluctuating between 
the supply (with ripple) and zero. Just prior to turn off there 
is a negative commutation voltage spike across each device.
Diode current and voltage waveforms are also as predicted from 
Fig. 3.3, if the initial commutation current surge is neglected, 
and the supply current clearly shoivs the periods of regeneration 
when the current is negative. .
In the load tests the supply voltage has been maintained at 
230 volts fundamental for 30 Hz • Belov/ 30 Hz the voltage was 
varied proportional to frequency. However at low frequencies, 
as will be seen from chapter 8, a proportional voltage change 
gives reduced flux and a fall in peak torque. In these tests the 
voltage has arbitiarily been increased to 105 volts at 20 Hz
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90 volts at 15 Hz and -?0 volts at 10 Iiz. Above 50 Hz the voltage 
is maintained fixed at 250 volts so that constant horsepower 
rather than constant torque working is possible. For frequencies 
above 70 Hz a 0.3 ohm resistor is connected in series with each 
diode in order to decay the commutation current.
Fig. 6.11 to 6.15 show plots of the results obtained. The 
detoriation of the motor efficiency at low frequencies is clearly 
evident. This is partly due to increased harmonics and partly 
to .the inherent poor efficiency an induction motor exhibits at 
low frequencies. Above 3 0 Hz there is much less change in the 
efficiency which approaches the value obtained when working with 
a sine wave. The harmonics are not now excessive? and due to 
the mark-space ratio of the waveform at this voltage the third 
harmonic is almost absent.
At low frequencies the commutation losses in the inverter 
are low so that increasing loads, which gives greater losses in 
the thyristors and diodes, gives a lower efficiency. However at 
higher frequencies the commutation losses form a much greater 
• proportion of the total losses, and since these remain almost 
constant with load the efficiency increases. The sharp fall in 
efficiency with frequency is also due to the larger commutation 
loss.
With inverter systems the efficiency of the overall drive is 
often of prime importance. This is given in Fig. 6.1A. since 
the motor efficiency increases with frequency while inverter 
efficiency falls, the curves are bunched closely together except 
at low frequencies when motor efficiency is very poor. Another 
disadvantage of this method of voltage control is seen from 
Fig. 6.15* Large voltage harmonics cause a rapid increase in 
the peak current to be commutated. If operating over the 
frequency range 3 0 Hz - 100 Hz only 7 amperes need be handled.
But at 10 Hz this rises to 17 amperes greatly increasing the 
size of .commutation components.
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D.C. Voltage Control
In this inverter the output voltage is square, with no zero 
periods, the value of the fundamental being varied by changing the 
amplitude of the d.c. supply. The same experimental circuit as 
that shown in Fig. 6.6 is used, voltage control. being effected 
by varying the.variac setting. The electronic control circuit 
is shown in Fig. 6.16. it is similiar to Fig. 6 .5 except that 
the second phase-shifted gate drive is absent, thyristors at 
opposite ends of a bridge being fired in pairs. In a practical 
inverter system the variable d.c. voltage would be obtained by 
a half-controlled thyristor bridge circuit. Fig. 6.17 shows a 
suitable phase control circuit. The a.c. input to pins 1^) 
and C2) ensures that the gate pulses are synchronised to the 
mains supply, whereas the input at pin (3) controls the delay 
from the zero crossing point before the gate driver is energised. 
In the system shown pulses are applied to both forward and 
reverse biased thyristors. Although it leads to increased 
dissipation this is not generally important in low pox^ er systems* .
If the motor is to be operated down to 10 Hz it would require 
a minimum a.c. voltage of 60 volts (for proportionate change 
with frequency), or a d.c. of 70 volts. If the peak load current 
to be commutated be taken as 10 amps, then for 2 0^S turn-off 
devices L0 = 0.39 mH and C = 6.1^ f ^  F. In the tests values of 
0.^5 mH and 6 «.F were taken as being the most convenient.
Otherwise the circuit was unchanged.
The circuit waveforms are very similiar to those obtained 
with quasi-square control which is extended to a waveform with 
no zero periods. Fig. 6 .1 8 shows the load voltage and current 
and indicates the prominent third harmonic current which is 
present when the motor is running on 110 load. Fig. 6.19 shows 
freewheeling diode current with the motor completely disconnected. 
It cannot therefore be compared with Fig. 6 .9 since all the 
current is now due to commutation. The scale of the two 
waveforms in Fig. 6.19 are'not the same and they are measured 
in diodes connected in opposite arms of the bridge, hence their 
180° phase difference. It is essential that the freewheeling 
current decay to zero before the end of a half cycle or it 
would’ reduce the duration of the next commutation interval, and 
lead to inverter failure.
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Fig 6.17 Electronic circuit to control input phase shift thyristors 
and so vary the effective d.c. input to the inverter
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The increase in the efficiency at low frequencies compared to 
that obtained with quasi- square waves is evident, although the 
efficiency again falls with frequency. This fall could be due 
to the general induction motor characteristic which is aggravated 
by the fact that an arbitary choice of operating voltage has 
resulted in under fluxing (large slip) or over fluxing (large 
core loss). Underfluxing also seems to be the reason for the 
fall in efficiency with torque at higher frequencies As 
expected the efficiency at 50 Hz is higher with quasi-square 
control due to the lower waveform harmonics.
Inverter efficiency curves of Fig. 6.22 resemble those of 
Fig. 6.13* At low frequencies the two are of comparable value.
At higher frequencies, when the commutation losses are significant 
the efficiency for d.c. voltage control is noticeably lower.
This is due to the fact that the commutation circuit has been 
designed to handle full 3.oad current at reduced voltage, so that 
when the d.c. supply is increased there is extra energy available, 
which is not really required, but which.results in larger inverter 
commutation losses. The increase in motor efficiency at low 
frequencies and the reduction in inverter efficiency at high 
frequencies gives drive efficiency curves which are closely 
grouped, as in Fig. 6.23* Although the low frequency efficiency 
is higher, the efficiencies above 50 Hz are slightly below those 
obtained with a quasi-square wave. However the most significant 
change is in the peak current, as shown in Fig. 6*2k, At 50 Hz 
the current is higher than for quasi-square control due to the 
larger harmonics. It decreases at higher frequencies due to a 
reduction in flux. Beloit 50 Hz the current again decreases due 
to under fluxing even though the fundamental voltage has been 
changed proportional to the frequency. Belov-/ 30 Hz there has been 
an arbitary choice of voltage and the current increases or, 
decreases depending on the motor flux obtained. Clearly the 
commutation requirements of this circuit is less than that 
of the quasi-square inverter (although the commutation voltage 
available is also reduced).
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This system consists in mixing a high frequency triangular 
wave, which determines the inverter operating frequency, and a 
low frequency sine wave, whose frequency determines the load 
frequency and whose amplitude controls the load voltage. The 
inverter used for quasi-square wave control is again utilised 
with = O.9A mil and C = Aj*F. The inverter operating frequency 
is arbitrarily fixed at 555 Ha, it being necessary to introduce 
a resistance of one ohm in series with each diode to decay the 
commutation current at this frequency. Fig. 6.25 shows that the 
volt drop across this resistor either when commutation current 1^  
or load current flows increases the voltage rating of the 
devices, so that if should not be excessively large.
The control circuit for the inverter is illustrated in 
Fig. 6.26. The frequency of the triangular waveform is 555 Hz 
and after decoupling it is mixed-with the reference sine wave, 
the output driving two amplifier stages (in antiphase). Due to 
the relatively low excursions of the triangular output relative 
to the supply voltage, this waveform is sensibly linear. The 
collector pins (1) and (2) feed two gate drivers of the type 
shown in Fig. 6.5*
Fig. 6.27 shows load voltage and current for zero modulation
depth. The load current should have been smoothed to zero but
the considerable harmonic current shows that the operating
frequency is not high enough for the low motor inductance.
Increasing the frequency is not however practical with this
"lossy" inverter. All the voltage waveforms, including those
across devices, will show an initial peak which is cuased by
the decay of current in the diode series resistance as illustrate
£
in Fig. 6.25* Fig. 6.28 shows.that provided the ratio of TV
is large enough the output current approximates to a sine 
wave, although the harmonics with'the .'motor running are much 
larger. Reducing this ratio, as in Fig. 6.29 gives a more 
distorted current waveform. The pulse width modulation in the 
load voltage is clearly noticable.
Thyristor and diode voltage waveforms shown in Fig. 6.50 and 
6.51 show the increased rating due to the diode series resistance
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mere is nov/ever a mucn more m^eresung pnenomenon, Jtteiermg 
to Fig. 6 .3 0 the longer a thyristor conducts the lower its current 
(which is mainly commutation current 011 no-load) decays. If a 
thyristor, say CSR1, is off for a very short time then it must 
mean that its corresponding thyristor, i.e. CSR2, has been on 
for a short time and its commutation current has not decayed 
appreciably. Therefore when CSR1 is next fired it carries a 
much higher initial current. This is shown very clearly in the 
thyristor current waveforms which have a ’modulated’ appearance 
of varying peaks. The result of this initial current is to give 
a higher peak voltage across the devices and also a reduced 
turn-off time. Thyristor .voltage waveforms show the positive 
peaks. The negative turn-off pulses are of almost constant 
amplitude but varying thickness (not very noticeable in the 
traces) indicating changes in the turn-off time. The diode 
waveforms correspond to those of the thyristors. The longer 
a diode is permitted to conduct the lower its current falls.
The shorter the conduction period the greater the current 
transferred to the diode in the corresponding arm, giving a 
larger initial current peak. The diodes used ’were also slow 
recovery and the relatively high operating frequency caused 
reverse recovery spikes which increased with the magnitude of 
the forward current. This is also seen in Fig. 6.31*
Motor efficiency curves are given in Fig. 6.32 and 6.33- 
Although these resemble those'with d.c. voltage control, there 
being less of a fall at lower frequencies, the overall curves 
show lower efficiency than both these and quasi-square wave 
methods. This is.due to the fact that the harmonic currents, 
clearly seen in Fig. 6.27, are not damped suf ficiently at this 
frequency and give rise to appreciable losses. At lower 
frequencies the efficiency is higher than that obtained with a 
quasi-square wave, where harmonics were very large, but still 
less than that obtained with d.c. voltage control. It should 
be noted that due to a limitation of the system, mentioned in 
chapter 3 * the peak fundamental voltage obtainable (after 
allowing for commutation) is 188 volts so that the motor is 
running under fluxed at frequencies above kO Hs and cannot 
reach its full rated torque.
The inverter efficiency curves shown in Fig. 6 .3^ are very 
low, as expected. Although the losses will, vary with the
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modulation depth it is primarily determined by the inverter 
operating frequency (commutations per second) which is fixed* 
Therefore the curves are grouped relatively close together.
The close grouping of these curves and that the motor efficiency 
characteristics gives drive, efficiency which varies very little 
with frequency, as in Fig. 6*35* The peak load current, shown 
in Fig. 6 .3 6 is seen to be similiar in shape to that obtained 
with a quasi-square wave but reaches a much lower peak value.
Pulse Width Modulation With A Square t/ave
This system is identical to that described in the last
section and uses the same power inverter and control electronics.
The.square reference waveform is obtained by the circuit shown
in Fig. 6.37 whose frequency is controlled by the voltage at
pin (1) and amplitude by the setting on R10. It was found
necessary to synchronise the square wave to the high frequency
triangular waveform, and this is done by feeding differentiated
pulses from this to pin (3)* Synchronization however means that
continuous frequency control is not possible, and this is
f
specially noticeable at low values of __T. The frequencies at
fS
which readings have been taken therefore do not correspond to 
those used before.
Load waveforms shown in Fig. 6 .3 8 and 6*39 resemble those 
obtained with d.c.- voltage control if the high frequency component 
is ignored. At low frequencies the saturation effect on the 
stalled motor current is very noticeable. In all these tests a 
one ohm resistor was connected in series with each diode which 
again gave an initial voltage overshoot on the waveforms. • 
Thyristor and diode waveforms Cnot given) also closely resemble 
£hose of Fig* 6 .3 0 and 6 .31 except that they show a square wave 
modulation. Fig. 6.^0 shows supply current waveforms for sine 
and square wave modulation. Ignoring the regeneration effects, 
when there is a rapid reversal in voltage, these are similiar 
to that in Fig. 6.10, there of course being no zero periods in 
the load waveform in the present system.
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Fig. 6.4-1 and 6.4-2 show motor efficiency curves. These-are 
seen to be poor, the low frequency values corresponding to the 
quasi-square control system, due to high frequency motor current, 
and the efficiency at higher frequencies also being worse. For 
frequencies above 50 Hz the efficiency is better than that obtained 
with-sine-wave modulation, but this is purely due to the greater 
motor flux that can be obtained since there is much less 
limitation on the peak fundamental voltage. The inverter 
efficiency shown in Fig. 6.4-3 is very similiar in characteristic 
to sine wave modulation, but for lower frequencies reaches a 
higher efficiency. This, combined with the lower motor efficiency 
at these frequencies, gives an almost identical drive efficiency 
characteristic, as in ±'ig. 6.4-4-. xhe peak current curve of 
Fig. 6.4-5 is also similiar to the sine wave modulation system 
but reaches slightly higher values due to greater harmonics.
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CHAPTER 7
EXPERIMENTAL INVESTIGATION OF INVERTER DRIVE METHODS
(PUSH-PULL SYSTEMS)
The Push-Pull Motor
To conduct tests on a push-pull inverter system it is of course,
possible to use a transformer drive to a standard motor, the primary
of the transformer being bi-filar wound and centre-tapped to meet . 
push-pull inverter requirements. Such a system would have the 
benefit of allowing a direct comparision to be made between bridge 
and push-pull inverters. However since the drive transformer 
would need to carry the full motor power, the scheme is likely to 
be bulky and expensive. It was therefore proposed to use a special 
motor.whose stator was centre-tapped bifilar wound.
A standard Higgs Motor was taken and rewound. This was not 
done by the writer so that winding data was not available. The 
name plate (of the original motor) was as follows:
Input Supply 220 volts, 50 Hz
Horse Power y continuous
Full Load Current 3 amperes
Speed 1*4-25 r.p.m.
Manufacturer Higgs Motors Ltd.
Since the new \dLnding information was not available it was 
necessary to try several different operating voltages in order to 
arrive at the most optimum value for the motor. This was found 
to be 200 volts, 50 Hz applied between the centre and one output 
winding. Load test results obtained under these conditions are 
shown, in Fig. 7*1 and 7*2. The peak efficiency-is reached a little 
before full load although by increasing the voltage this can be 
shifted to a higher load, efficiency at lighter loads being lower.
It is important to remember that although this push-pull motor 
is seen to give its rated y horsepower output from the same frame
size as a standard motor, the rating is no longer continuous.
1Owing to the reduction in copper utilisation by a continuously
rated motor would be physically larger.
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The motor has a centre tapped main winding and two bifilar 
wound start 'windings which could be connected through capacitors 
to each half of the main winding* In practice only one winding, 
connected across the outer terminals of the main winding was found 
to be necessary.
D.C* Voltage Control
When considering.the push-pull inverter in chapter 3 it was 
mentioned that such an inverter is normally operated on a bi-phase 
system where either one or other arm is always conducting, there 
being no periods of zero voltage across the load. Therefore the 
square-wave control system, where the fundamental of the motor 
voltage is varied by changing the inverter d.c* supply, will be 
considered first.
In the following experiments it has no longer been .possible to 
seperate the motor and inverter performances, since they are an 
integral part of each other. Therefore the d.c. input and 
mechanical output values are recorded to give drive efficiency.
Fig. 7*3 shows the arrangement of the inverter. As for the 
bridge circuit a half controlled thyristor phase shifting network 
can be used to vary the d.c. voltage, although in the tests a 
variac was substituted. Device ratings can be found as before. 
Assuming a peak r.m.s. current of twice the full load value, 
i.e. 6 amperes then from Fig.10.16 the r.m.s. thyristor current 
should be 0 .7 x 6 = h - ,2 amperes, and diode current 0 .3 x 6 = 3 amperes 
This ignores commutation currents. To take these into account 
Fig. 10.20 and 10.21 are used, modified by the ratio of /IT"
Therefore I
'L(max)
and I,
From Fig. 10.16 I.
Therefore for 100 Hz, 1^ T2.7 and _ 3 ,1 amperes giving
FS
Pig 7 .3 Experimental arrangement for tests on the push-pull 
inverter system
loo
&
t>2.
flb 
*0
Fig 7*4 Electronic control circuit for a push-pull inverter 
using d*c, voltage control
total thyristor and diode currents very close to the values 
calculated for the bridge inverter, as expected. However the 
theoretical voltage ratings of the devices have now doubled.
In the tests which follow the thyristors are Westinghouse type 
26T10 which have a mean current rating of 12 amperes and a peak 
voltage of 800 volts. The diodes are STC avalanche type RAS508CF 
with 10 amperes and 800 volts. Commutation components calculated 
from equation 10.64 and 10.65 give 0.7 mH and 1.8^F for 70 volts, 
12 amps and 2 0 j < S  devices. In the tests 0.9 mH and 2y*F are 
utilised.
The electronic circuit used to control the thyristors in 
Fig. 7*3 could be as shown' in Fig. 6.5? only one set of square 
wave generators being used. Gate drivers are also not now 
essential since the thyristors have a common cathode connection. 
They are included to allow greater flexibility in the choice of 
supply voltages. Fig. 7*4 shows the actual control circuit used. 
The variable frequency oscillator is an earlier version and uses 
an ordinary unijunction transistor so that simplicity is obtained 
at the expense of temperature stability. The pulse drivers are 
also an earlier 'design. Control transistor TR5 has now 
to be rated to carry the full gate drive current.
Fig. 7*3 shows load current and voltage waveforms. These are 
very similiar to the theoretical shapes (under stalled motor 
conditions) given in Fig. 3*3 if it is appreciated that.the load 
current shown are 'half* load values since the shunt was placed 
in one arm of the load. Negative periods of the current correspond 
to regeneration. Once again running the motor distorts the 
current waveform. At low frequencies the waveforms are very 
similiar to Fig. 7*5 hut show a greater flattening, or saturation, 
in the current.
The thyristor voltage and current given in Fig. 7*6 also 
corresponds to the theoretical curves when the duration of the 
commutation current is reduced by using a 0.3 ohm diode series 
resistor. The voltage waveform should be carefully noted.
Even without a series resistor it rises to about three times the 
supply voltage and falls to the supply value. Therefore the 
device voltage ratings are increased whereas the commutation 
voltage is lower. This is caused by the loose coupling between 
the two halves of the motor, as explained in chapter 5» an(f will .
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be inherent in any push-pull motor system even when it is bifilar 
wound (as the present one was), due to the relatively l a r g e  air gap. 
When a series resistor is used the thyristor voltage rises even 
further, the value depending on the magnitude of the resistor.
Fig. 7*7 shows the diode voltage and current. Apart from 
carrying the commutation current the diode feeds back energy 
from the load to the supply, which corresponds to the negative 
parts shown in Fig. 7*5* Supply current shown in Fig. 7*8 is 
also as expected. When the motor runs on light loads the current 
is distorted and reduced. However the large peaks drawn during 
the commutation intervals are still very evident.
Fig. 7*9 and 7*10 show the drive efficiency curves. As 
explained before it is not possible to separate motor and inverter 
efficiencies. These curves can be compared to Fig. 6.23 and are 
seen to be very similiar. This does not mean that these bridge 
and push-pull systems are comparable since the push-pull motor 
is not rated for continuous operation at full load. The fall in 
efficiency at higher outputs and lower frequencies could be due to 
underfluxing. This is supported by the peak current curve of 
Fig, 7.11 in which the current falls at these values. The overall 
pe ak current is generally lower than the bridge system.
Pulse Width Modulation By Sine Or Square Waves'
The efficiency of this commutation system at high frequencies 
is as low as that of the bridge inverter studied in the last 
chapter. Therefore the efficiency of the system is expected to be 
very poor. Although ‘lossless’ inverters, such as that shown in 
Fig. 7*12 may be used the number of thyristors has now doubled, 
and each should have a voltage rating equal to thrice that of the 
supply. The system is therefore likely to be too expensive for 
practical purposes.
The power circuit is as shown in Fig. 7*3 the control 
electronics being similiar to Fig. 6.26 with only one winding on 
each output drive oscillator in use. Fig. 7*^3 shows the load 
voltage and ‘half1 load current for sine wave modulation. At
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low frequencies the current approximates to a nan sine wave, 
negative half cycles being due to regenerative current when the 
opposite thyristor is conducting. At higher frequencies the 
current is severely distorted, it is interesting to note the 
sine wave modulated form of the voltage waveform.- This is due 
to the variation in stored energy across each half of the 
winding caused by unequal conduction times. The longer a thyristor 
conducts the greater the energy stored in its half of the load 
.^and the lower its load voltage falls due to drop across the 
leakage reactance, as expalined before.) When this thyristor 
is turned off there is a greater amount of energy transferred 
to the other half of the load, boosting its capacitor voltage. 
Therefore the longer the load remains negative ksay) the higher 
the peak to which the positive half load voltage swings. Load 
voltage waveforms for modulation by a square wave are shown in 
Fig. 7*1^. The current waveform is not sinusoidal but resembles 
that shown in Fig. 7*5 very closely, if the high ‘“frequency 
component be ignored. The load voltage waveform again shows a 
modulated appearance. This is less when the motor is running 
due to the lower current.
The thyristor and diode waveforms shown in Fig. 7*^5 and 7*16  
are similiar to those obtained with a bridge inverter, the 
variation of residual current between commutations effecting 
capacitor voltage as before. Therefore commutation voltage 
should be calculated for the lowest voltage expected.
Load tests were conducted using values of L ^  and equal
to 0.9 mH and 2. jx F as before, although since the commutation 
voltage would be above 300 volts these could have been changed to 
3.6 mH and 0.5/tF. Fig. 7*^7 shows the drive efficiency curves 
for sine modulation. These are bunched together but have an 
approximately 23% lower efficiency compared to the bridge system. 
This difference is almost certainly due to additional commutation 
losses obtained by using larger commutation components, the motor 
efficiency being substantially as before. Once again however 
it must be emphasised that the push-pull system is not continually 
rated. During the present tests the motor got so hot that a 
short circuit developed between the two start windings. Headings 
were now continued using only one winding. The peak load current 
curve shov/n in Fig. 7*12 is predictable, current increasing as 
frequency reduces. It is interesting to note that the curve is
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lower than that of Fig. G,J>6» This agrees with the results 
obtained using d.c. voltage control®
Quasi-Square Voltage Control
Although it is not usual to operate a push-pull inverter in 
such a manner that both its thyristors are non-conducting at any 
time, this can be done is required. In Fig. A-®5 an arrangement 
was given using three.thyrsitors which allowed this to be
obtained. The firing circuit to operate this is given in Fig. 7 » ^ 9 -
Output from variable frequency oscillator TRp drives two gate 
oscillators TR8 and TR10 which fire thyristors CSK1 and CSR2, 
provided the signal is not inhibited by TH6. This transistor is 
controlled by the usual mark-space arrangement described before. 
Thyristor CSE3 is pulsed on at the commencement of the inverter 
off period by amplifier TR12.- Fig. 7*20 shows the firing pulses 
for a typical voltage level.
Fig. 7*21 shows the load voltage waveforms at different 
frequencies and varying control widths. Also given is one of 
the thyristor gate pulses, to allow the waveforms to be more 
clearly defined. As expected with the main thyristors conducting 
the load voltage is positive or negative (at twice the d.c. supply 
voltage). When the thyristor turns off the flow of inductive
current in the diode situated in the opposite inverter arm
causes a reversal of this voltage. For instance when CSR1 turns 
off D2 conducts so that C is now at negative potential instead 
of A. When this inductive current has decayed to zero the ends 
of the load are free to oscillate with the commutation capacitors 
and settle at zero voltage. For shorter off times (as is the 
case when operating at higher frequencies and voltages) the load 
current has not decayed to zero before the next thyristor is fired, 
so the 'ringing1 in the waveform is not present. It is clear 
from this that this is NOT a true method of quasi-square voltage 
control since the output is not kept at zero voltage during the 
off period. The mean voltage at any setting would clearly be 
determined by the load.
Fig. 7»22 shows the waveform across the commutating thyristor 
CSR3 and one of the main thyristor firing pulses. At the
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Fig 7.19 Electronic control circuit for a push-pull inverter
as shown in Fig 4*5
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termination of these pulses CSR3 is fired. It remains on during 
the discharge of the commutation capacitor through L and then 
turns off, the voltage across it swinging negative due to the 
clamping action of the feed-back diodes. For instance with CSR1 
conducting C1 is charged with plate b positive. When CSJR3 is 
fired (and turns off) the load current transfers to D2, the 
negative change of potential across C2 being transferred to CSR3 
anode. C2 also resonates v/ith and charges with plate a positive 
The anode potential then rises positive with the discharge of C1 
and C2 and reaches the supply voltage when the current through 
D2 has decayed to zero. If any of the main thyristors are now 
fired the negative voltage at A or C is again transferred by C1 
or C2 (respectively) to CSR3 anode. However this rapidly 
recharges again and settles at the supply voltage due to normal 
auto-transformer action of the main motor windings.
Fig. 7.23 shows the load voltage and ’half1 load current 
waveform at slightly different control settings for motor stalled 
and running conditions. The positive load current corresponds to 
the decay of current in the feedback diodes and the effect on 
the voltage waveform as points of initiation for the ’ring* are 
clearly seen. Negative current, which is the current through one 
thyristor, builds up during its conduction and then rapidly 
decays to zero when this is turned off, being transferred to the 
diode in the opposite inverter leg. The current shape is 
predictible, the change between stalled and running conditions 
being as before.
Thyristor waveforms are shown in Fig. 7 Voltage is 
similiar to that of the load apart from zero periods when the 
thyristor is conducting. A negative turn-off pulse at the end 
of each conduction period can also be seen. Thyristor current 
shows two parts. The initial peak is the surge of the capacitor 
charge. This stores energy in and since the main thyristor is 
on, it is not fed back to the capacitor but circulates in the 
thyristor and its feedback diode resulting in commutation loss.
For instance when CSR2 is fired C1 and C2 are charged with plate 
a positive. This charging current stores energy in which, 
v/hen the capacitors have completed their charge, circulates energy 
in CSR2 and D2, resulting in losses. Superimposed on this 
decaying current is the build up of the main load, current seen 
in Fig. 7.23• The voltage waveform across thyristor CSR3 is as ■
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in Fig. 7*22. It carries a short pulse of commutation current 
every half cycle, as in Fig. 7*25*
The' diode waveforms are given in Fig.. 7*26. The voltage wave 
follows the load except when the diode conducts or when its 
corresponding thyristor is conducting. There are two current 
pulses through the diodes. The first occurs at the termination 
of conduction by the thyristor in the opposite arm, and when it * 
carries the inductive load current. The second pulse occurs due 
to .decay of current stored in inductance as described above.
Load tests .were obtained using the circuit of Fig. *f.5 with 
C1 = C2 = 2/*F and = 0.9 mil as before. These are shown 
plotted in Fig. 7*27 to 7*29. From Fig. 7*27 and 7*28 it is at 
once evident that the efficiency at low frequencies is considerably 
less*than that obtained with d.c. voltage control. This is due 
to the lower motor efficiency on the higher harmonics obtained at 
low voltages. Comparing with the bridge system using quasi-square 
wave control the parallel motor gives lower efficiencies. This 
could be caused by over fluxing of the motor as the correct 
operating voltage was not known. If this were true it would also 
explain the extremely high load currents obtained by this control 
system, as shown in Fig. 7*29* however the shape of this curve 
is very similiar to that in Fig. 6.19* The supply voltage is 
varied linearly from 200 volts at 50 Hz .down to 50 Hz. Below 
this it is fixed arbitrary at 100 volts, 20 Hz and 70 volts,
10 Hz. Above 50 Hz the voltage is constant, at 2*1-0 volts except 
for modulation, with a sine wave when the maximum voltage 
obtainable was 160 volts giving a fully fluxed motor upto *f0 Hz 
only.
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CHAPTER 8
MOTOR PERFORMANCE WHEN CONNECTED TO INVERTER SUPPLIES
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In previous chapters the investigations of the inverter 
drive have concentrated on the electronic inverter. This is 
desirable since this study is primarily concerned with the inverter, 
the motor providing a convenient load which is most commonly used 
with such an inverter. It is however necessary to consider briefly 
the. operation of an induction motor when running from variable 
frequency inverter supplies so that some peculiarities of the
experimental results can be explained. The most notable example, .
which was not mentioned in Chapters 6 or 7 is that for low 
frequency operation there were instances when the motor current 
and losses decreased with increasing motor output.
There are two aspects of induction motor operation which need 
to be investigated. Firstly the effect of inverter harmonics and 
secondly its performance on variable frequencies, specially low
frequencies, below about 10 Hz. No detailed analysis is considered
in this chapter. There have been several excellent published 
works on the subject, and although they have all dealt with three 
phase machines, extension to single-phase motors can be readily 
made.
Effect of Harmonics
The operation of a single-phase induction motor can be 
explained by either the cross-field or revolving-field theories. 
Both these lead to the same motor equivalent circuit, as shown in 
Fig. 8.1. In this figure suffix 1 refers to stator values,' 2 to 
rotor values transferred to the stator, m to magnetising components 
and S is the slip. This equivalent circuit can be used for 
analysis with time harmonics in the supply waveform by considering 
the effect of each harmonic separately, and summing the results.
For the kth harmonic each reactance value in Fig. 8.1 should then 
be multiplied by k and the slip at k times fundamental frequency, 
(i.e. S^) substituted for S. The value of is then given by
Pig 8.
f
k&
2 - S
X.
1 General equivalent circuit of a single phase induction 
motor
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F i g  8.2 Typical peak/average torq.ue characteristic
The positive and negative signs are both considered since 
the harmonics can be positive or negative in their effect* High 
frequency (skin effect) variation of resistance is not 
considered here*
It is found that the fundamental component of the magnetising 
current increases when harmonics are present* This means that 
the harmonics result in a reduction of reactance Xm. The 
harmonics also reduce the leakage inductance* These effects 
can be due to several factors* With time harmonics present the 
peak of the rotating flux density can be shown to vary, although 
the time average value is the same as when no harmonics are 
present. This can lead to saturation .in some parts of the motor, 
v/ith a consequent increase in no load current. The harmonic 
currents also produce increased leakage flux which can cause 
saturation of some portions of the magnetic circuit. These 
currents vary only slightly with load. This can be seen from 
equation (8.1) where the change in S^ is small even when S varies 
between unity and zero.
The effect of harmonics on the motor torque is not significant 
at usual speeds* Harmonic, torques are positive and negative and 
largely tend to cancel each other. However pulsating torques are 
set up due to the interaction of each harmonic current v/ith the 
air gap flux of another harmonic• This is' normally small but 
on low frequencies its effect is evident and results in jerky 
rotation of the motor. Fig. 8.2 shows a typical peak/average 
torque curve obtained for a motor operating on time harmonics.
The average torque is seen to be substantially constant at the
value of peak torque but rises for low torques (i.e. low slip).
In applications where this large ratio of peak/average torque 
cannot be tolerated on no-load, the motor supply voltage can be 
decreased, so as to reduce the flux and increase motor slip.
The effect of harmonics in the voltage waveform on motor 
losses can best be considered by itemising all the different
losses in turn, as follows
(1) Copper losses. These represent by far .the largest 
loss in a motor and due to the increases in harmonic currents, 
these are also the losses which are most affected by harmonics 
in the inverter waveforms. The majority of the increased loss
is usually in the stator, unless the increase of rotor resistance 
by deep bar effects at high frequencies is considered, when rotor 
losses also become appreciable.
(2) Core loss. Since harmonic currents result in higher 
peak flux densities in the core, the core loss is increased over 
sinusoidal excitation. However the increase is only a fraction 
of the total core loss and can normally be neglected.
(3) Friction and windage losses. These are of course 
not affected by voltage harmonics.
(*f) Stray losses. These are composed principally of two 
losses. (i) The rotor zig-zag loss is several times the value 
at sinusoidal excitation due to an increase of fundamental no- 
load and stator currents when harmonics are present. (ii) The 
stator and rotor end losses are caused by eddy currents in the 
stator and rotor end laminations due to leakage flux. Increase 
in this flux results in an increase in the loss although the 
change is not^large.
Since the greater proportion of the harmonic losses are 
caused by copper losses, and since these losses are caused by 
harmonic currents, it is clear that the losses will remain 
substantially constant with load* This was found to be true 
in the experiments conducted in Chapters 6 and 7» the increased 
losses over sine wave operation (50 Hz values compared) being 
relatively unchanged v/ith load. The significance of this is 
evident. It means that with a comparatively simple no-load 
test on the motor it is possible to identify the iron, friction, 
windage and harmonic losses in a motor, and use these as constants 
for motor calculations on load.
It is generally found that for three phase motors the 
decrease in motor efficiency due to harmonics is only of the 
order of 2 - 3 ■ However for tests done on the single phase 
motor in Chapter 6 the reduction in efficiency at 50 Hz was found
to be between 10 - 20 This Is understandable since the single 
phase motor has a higher resistance and is therefore more prone 
to changes in harmonic current. It is significant in this respect 
that the lowest motor efficiencies were obtained with high- 
frequency pulse-width modulated systems which (due to low motor 
inductance) give large harmonic currents. For inverter operation 
it is desirable to design a motor with lower rotor resistance 
in order to reduce this loss due to harmonic current. Although 
this would result in lower starting torques with mains operated 
motors, this is not important in inverter drives where the 
frequency can be reduced to a low value for starting.
hidEffect of Low Frequencies
Although the induction motor described in Chapters 6 and 7 
have been operated over a frequency range 20% t o  200% of the 
rated frequency, it was seen that only at the low frequency end 
did the motor show any marked change from its expected performance. 
Therefore in this section the discussion.will be concentrated on 
the low frequency end only. Fig. 8.3 shows typical operating 
characteristics of a motor at 5 Hz supply frequency. From these 
curves it is seen that the stator current 1  ^and the input power 
P1 decreases initially in spite of increasing output. The 
efficiency is also much loiter than at rated frequency. These 
pecularities will be explained quantitatively later on in this 
section.
The equivalent circuit of a single phase induction motor, 
shown in Fig* 8.1., can be modified for operation at any freqbiency 
f by multiplying reactance values by c< where c< = f/fn * the 
nominal frequency for which Fig. 8.1 is given being £ • This can 
be rearranged as shown in Fig. 8.^. v/here the magnetizing re­
actance is assumed large compared to the resistance. From this 
it is seen that if the flux is to be maintained constant as the 
frequency is varied the terminal voltage is not to be changed 
proportional to frequency, as is normally assumed. The value 
of Vn varies proportional to frequency f and V.| must be increased 
above this value (for low frequencies) by a quantity equal to
the voltage drop across the variable resistor R'^ ( JL ^
c<
That this is required can.also be derived logically. For instance
s*
l/VI
Pig 8.3 Variation of induction motor parameters with slip 
at low supply frequencies ( 5 Hz )
i
Pig 8 .4 Equivalent circuit of a single phase induction motor 
on variable supply frequencies
a motor in which there is a 5% loss of stator voltage on load at 
50 Hz would drop 50% at 5 Hz{ if the voltage is varied proportional 
to frequency. This is too large a value and suggests a voltage 
reduction with frequency which is less than a direct proportionality.
The effect of reducing the motor voltage proportional to frequency 
is to give serious underfluxing at low frequencies. This will give 
a reduction in available motor torque. Increasing the voltage above 
this value will provide larger torques and, if the voltage is made 
large.enough, torques greater than that at 50 Kz can be obtained. 
However the larger voltage results in higher currents and greater 
heat losses. These losses are difficult to remove since, due to 
the low speeds involved, the integral motor fan is ineffective.
When operating from an inverter supply this must be rated to carry 
and commutate this increased current. As frequency reduces it has 
the effect of increasing the ratio of rotor resistance to reactance 
so that even with motors designed with a relatively low resistance 
peak torques can occur at starting.
Although the maximum torque is not affected by frequency the 
slip at which it occurs will be smaller at higher frequencies than 
at lower frequencies. Therefore at low frequencies the peak torque 
could occur at slip values greater than standstill, and full load 
torque may never be achieved. This is shown for a typical motor 
by the torque-slip curves of Fig. 8 .6.
The drop in reactance v/ith frequency and the consequent increase 
in the ratio of resistance to reactance also means that the power 
factor of the motor on low frequencies is closer to unity than at 
higher frequencies.
The reduction of stator current as the load increases, at low 
frequencies, is primarily due to the reduction in air-gap flux.
This, can be explained with reference to the vector diagram shown 
in Fig. 8 .5 . When the load, and slip, increases, the rotor current 
I.'2 also increases to support the new torque. Hov/ever the magnetizing 
purrent 1^ reduces, so that the vector sum gives a lower value of 
stator current I4. As the slip increases further a stage is 
eventually reached v/here the rotor current increases at a faster 
rate than the decrease in magnetizing current, and the stator current 
then begins to increase. The stator current is therefore not as
*IA /
Pig 8.5 Vector diagram of a single phase induction 
motor at low frequencies
bo
Pig 8.6 Torque/slip charatereistics of an induction motor 
at variable frequency
dependent on load as it is for higher frequencies. Fig. 8*5 also 
shows the airgap voltage E.j?, which is the reactor difference between 
the supply voltage and the stator impedance drop. Although this drop 
reduces with load, the improvement in power factor still results in 
a lower air gap flux.
Because the stator current decreases with load at low frequencies, 
and since by far the largest loss factor is the copper loss in the 
stator, the input power to the motor will reduce as the output torque 
and slip increases. This input v/ill decrease so long as the increase 
in mechanical output plus the increase in rotor copper loss due to 
the increased torque is less than the decrease in stator copper loss 
caused by the reduction in stator current.
The induction motor on low frequencies must be considered 
essentially as a torque motor. Its horsepower output is very low, 
due to the reduced speed while the stator copper losses are just 
as large as at higher speeds, being determined primarily by the 
torque conditions. Therefore the motor efficiency at small 
frequencies is low.. Fig. 8*7* gives typical efficiency curves at 
various frequencies. These curves resemble very closely the 
characteristics obtained experimentally in chapters 6 and 7, and 
show that the drop in efficiency at low frequencies obtained there 
was partly due to harmonics and partly to the inherent motor 
characteristic.
From these considerations two points arise. Firstly a motor 
designed to run at 50 Hz is not necessarily suitable for low 
frequency operation. The rotor resistance should now be made low 
since it would give a better volts/frequency and speed/load 
-characteristic and also give higher efficiencies. By running at 
lov/ frequencies adequate starting torque can still be obtained.
The second aspect to be considered is the law for variation of the 
ratio voltage/frequency. As seen this should not be linear. There 
are two choices here - the ratio can be changed either to give 
minimum power input or minimum stator current at any speed. Since 
the current largely determines the losses the two give almost the 
same result. This is known as operating for certain optimum input 
conditions. It has been dealt with by several authors for three 
phase motors but is not considered further here.
Torque
Fig 8.7 Efficiency/torque characteristics for an 
induction mctor at variable frequency
CHAPTER 9 
CONCLUSIONS
Of the many speed control methods available for induction motors 
the most efficient system for wide control ranges in that using a 
variable frequency supply. Both inverters and cycloconverters may 
be used as the frequency charger element but an inverter is more 
versatile, since it can work from a d*c* or a»c, input, and for small 
motors would prove much cheaper*
Although variable frequency control of induction motors using 
inverters is more efficient than most other methods, it does present 
problems* The harmonic voltage output from the inverter will result 
in harmonic currents flowing in the motor* These currents give 
increased copper losses and reduced efficiency* For small motors, 
with high resistance v/indings, this loss of efficiency can be as 
high as 10 to 20%, The harmonic currents do not affect the motor 
torque to an appreciable extent at normal speeds although for low 
frequency operation a large ratio of peak to average torque can occur, 
giving jerky operation*
Even with a sinusoidal supply the efficiency of the motor is not 
constant but falls with speed* At lov; frequencies the horsepower 
output is low whereas the copper losses (which constitute a major 
part of motor losses) are almost unchanged* Therefore the efficiency 
is poor* However the efficiency is still larger than that obtained 
with most other methods of speed control and the torque from the 
motor can be made to equal or exceed the full load torque by 
controlling the voltage, providing the slip is large enough* It is 
this reduced efficiency at low speeds which constitutes one of the 
major disadvantages of the inverter-induction motor drive when 
compared to conventional d*c* motors* The d*c* motor has an .extremely 
good speed control characteristic and has high efficiency over its 
whole range* Its main disadvantage is its mechanical commutator, 
although recent work on the use of electronic commutators have 
proved economically successful for very small motors.
When the frequency applied to an induction motor is reduced the 
applied voltage must be changed in such a manner as to keep the motor 
airgap flux constant* Due to the increasing drop in the stator 
with reducing frequency, the voltage must be decreased at a slower
x-tiue viicm une irequency* wivn static inverters t m s  can be obtained 
relatively easily* However the same is not true for motor-alternators 
or rotary frequency converters which have a substantially linear 
voltage to frequency output* The disadvantage of static frequency 
' changers is their inability to handle overload • currents for any 
appreciable time, and their sensitivity to voltage transients which 
can destroy devices. For operating from inverters an induction motor 
should be designed with a low rotor resistance. In conventional 
motors a high resistance is required to give adequate starting torque, 
but if the supply frequency can be reduced peak torque is obtainable 
at starting, even with a low rotor resistance® The lower resistance 
would however give enhanced performance since copper losses are 
reduced and there is less change in motor speed with load* Lower 
losses are very important when the motor is to run for prolonged 
periods at low speeds since any integral cooling fan used is 
ineffective, and heating may become excessive®
There are two types of inverters, bridge and push-pull. A bridge 
inverter uses a standard induction motor whereas for push-pull 
operation a specially wound machine having a bifilar centre-tapped 
stator is required. ' The push-pull inverter drive uses approximately 
half the number of devices as a bridge inverter, although these are 
now of tv/ice the voltage rating. When operating from lo\* voltage 
supplies (upto about 100 volts) this should still give a cheaper 
system. Hov/ever the biggest disadvantage of this method is that 
a special motor must be used, which is bigger and more expensive 
than a standard machine. Although a push-pull circuit could give 
a simpler electronic control circuit chapters 6 and 7 have shown 
that generally they are equally complicated. Apart from a few 
special applications such as when the supply voltage is low, bridge 
inverter drives are generally to be preferred.
The voltage output of the inverter can be controlled in several 
ways. The method selected has a significant influence on the choice 
of inverter configuration and on the harmonic output. Generally there 
are two basic methods of voltage control. The first requires that 
the inverter operating frequency be several times that of the output 
load frequency. This is a method of *lower harmonic reduction* where 
harmonics of a lower order than a certain base number which is a 
function of the inverter frequency, are severely attenuated. Although 
a very useful system for larger motors the low inductance of small 
machines means that the inverter frequency has to be fixed at a very
high value to insure that there is no appreciable motor heating due 
to high frequency currents. This gives rise to increased inverter 
losses and more elaborate commutation methods to reduce commutation 
losses to a minimum. It is worth noting that although a bi­
directional switching system was adopted for the tests in chapters 
6 and 7 the relatively high order carrier harmonic still had an 
appreciable effect on the small motor. Better results would have 
been obtained if unidirectional switching, which does not have any 
even or carrier harmonic frequency, had been used.
Of the low frequency voltage control system selected harmonic 
reduction may be used to eliminate one or two harmonic numbers from 
the supply. However it can prove to be fairly costly in terms of 
electronic control circuitry. Since it also gives an increase in 
the harmonic numbers not eliminated it is not very effective for 
small motor systems. Perhaps the best system to be used for motors 
operating over a limited speed range is that using quasi-square 
voltage control. The disadvantage of this system is the very high 
harmonics that are obtained at low voltages (and frequencies).
When a wide range of voltage control is required using a high loss 
inverter a method &f dcvoltage control is preferable, the waveform 
output being maintained with no zero periods while the fundamental 
voltage is controlled by varying the d.c. supply. Such a system 
however requires that the commutation circuit be fed from a separate 
d.c. supply which does not fall below a certain minimum value, else 
inverter failure will occur.
Commutation in an inverter can occur by four methods, which are 
also common to thyristor choppers. Firstly the commutation capacitor, 
suitably charged, can be connected directly across the thyristor 
being turned off. This is the most frequently used system and is 
suitable for a wide variety of circuits conditions. For parallel 
capacitor-inductor commutation an inductor is connected in series 
with the main commutation capacitor and this often allows circuit 
simplifications to be made. Similiarly a coupled-pulse inverter 
can give a cheaper inverter configuration. However both these 
systems are not suitable when it is required to commutate large load 
currents from a low voltage d.c. source, since ;they then require 
impractical values of commutation components. The final commutation 
method, known as series capacitor commutation, is principally used 
for fixed frequency sine wave inverters, and normally employs a
resonant output circuit.- Within each commutation group changes can 
be made to the circuits to enhance one particular aspect of the 
inverter. These changes include increasing or reducing commutation 
voltage boosting, operation for separate commutation supply and 
high frequency inverters where the commutation loss is reduced and 
device turn-off time increased. None of these changes are sufficient 
in themselves to change the commutation group. It is not possible 
to precisely define which commutation methods are to be used with 
which inverter system, apart, from those remarks made above. Some 
modifications are made more easily with one group of circuits than 
with others so that the user must be prepared to accept a new 
technique if it proves simpler and cheaper for his application.
And so to the final question - which system for single-phase 
motor drives operating over, a wide speed range? The question is 
not easily answered. The drive chosen must be relatively cheap 
and simple. This suggests a low frequency inverter system using 
a coupled-pulse commutation system such as in Fig. 10.17* A bridge 
inverter is preferable to a push-pull system to allow a standard 
motor to be used. Voltage control should be obtained by varying 
the d.c. supply, which can be inexpensively done through a second 
thyristor phase-controlled bridge converter. This will however 
lead to a reduction of commutation voltage, and modifications must 
be made to overcome this. Fig. 5*10 shows one such change to the 
standard circuit. Voltage V ^  provides the main load current.
V^^ is an auxiliary low eurrent supply which feeds commutation 
capacitors through relatively high impedances R1 to R^ f. Series 
diodes D5 to D8 enable the capacitors to charge to a voltage greater 
than Resistances R1 to Rk can be made large valued since the
capacitors charge via V ^  only when the frequency is low. As the 
inverter frequency increases V ^  also increases and the capacitors 
charge rapidly from this source and more slowly via V ^ *  At high 
frequencies almost all the charging voltage is provided by 
Fig. 9*1 shows that although main d.c. voltage, and therefore the 
load voltage, is reduced to 50 volts the commutation voltage is 
150 volts as determined by the value of ^ 2 * ^his
value reached even when V ^  j_s zero. The relatively slow capacitor 
charge is noticeable. The thyristor voltage follows the capacitor
voltage and they are commutated by a 150 volt turn-off spike, as 
in Fig. 9 .3 . The voltage across diodes D5 to D8 is the difference 
between the capacitor voltage and that of the supply. It is 
therefore negative. When the supply voltage -V^ exceeds the 
capacitors charge rapidly to this value through the series diodes 
as in Fig. 9*2. The capacitor and load voltages are now comparable, 
the inverter operating substantially independently of The
control circuit to be used with the inverter of Fig* 5®10 has been 
shown in Fig. 6.16 and 6.17® It. must be emphasised that although all 
such circuits used in chapters 6 and 7 are original and functional, 
they have been developed primarily to aid in comparision between 
systems. No attempt has been made to economise on the cost or 
quality of components, as would be normally required before any 
of the equipment could be put into production.
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APPENDICES ' '
Appendix 1 Rating of inverter circuits
It has been seen from previous chapters that there can be a wide 
variety of inverter circuits based on the voltage control method or 
commutation system. It is not intended here to determine the ratings 
of devices when used in all these configurations. Instead only the 
quasi-square wave (and d.c. voltage control) will be examined. First 
bridge and push-pull inverters will be considered without any commutation 
components. Therefore the results obtained are equally applicable to 
any commutation method and also to transistor inverters. This is then 
extended to a coupled-pulse bridge and a parallel capacitor commutated 
push-pull inverter. The increase in device ratings due to commutation, 
and the method of calculating the value of the commutation components, 
are established so that they can readily be extended to other systems.
The equations are used to calculate circuit ratings in chapters 6 and 7« 
These chapters also give examples in the use of the results derived in the 
present chapter.
In the analysis below the ratings of semiconductors are based on 
root mean square values since data sheets normally quote this for a device 
at a given case temperature. In addition peak currents are important since 
on light loads these could be the limiting factor. Furthermore at low 
frequencies the snail thermal inertia of the semiconductors causes them 
to respond to a current close to the peak value. This however is not 
considered here.
Bridge inverter without commutation components '
The basic bridge inverter circuit was given in Fig. 3*2 and its 
operation explained with reference to circuit waveforms shown in Fig. 3*3* 
It is seen from these that thyristors CSR3 and CSR4 as well as diodes D1 
and D2 need to have a higher r.m.s. current rating than the other devices 
in the bridge. However for zero dwelve periods all devices need equal, 
ratings. Therefore in this analysis the rating of thyristors and diodes 
with the highest current will be calculated. The following assumptions 
are made.
(1) Thyri stors and diodes have zero voltage loss across themselves
when conducting, unless otherwise stated. In practice the volt 
drop varies with the current and is of the order of 1.5 volts.
For a high voltage (300 volts) supply this gives negligible error.
(2) The devices have infinite resistance when non-conducting. The 
leakage current in the forward (thyristor) and reverse (thyristor 
and diode) directions vary with applied voltage but are only of the 
order of several tens of milliamperes.
(3) .Turn-on time of the thyristor is small compared to the switching
period. Therefore switching losses can be neglected. Since the 
turn-on time is typically of the order of a few microseconds this 
assumption can lead to significant error at frequencies of a few 
kilohertz,
(4) Reverse recovery current through thyristors and diodes are of short
duration and can be neglected. Once again this is only of relative
importance at high inverter frequencies,
(5) The d.c. source impedance is small so that energy can flow in either 
direction through it without affecting the terminal voltage.
Pi'g, 10.1 shows load current and voltage at a fixed control setting, 
and indicates the conducting device numbers. The load current 
fluctuates between en(* ^ree”wkeelin& period
tQ and vr^len  ^ 1 thyristor on1 period tQ is completed.
Assuming that time t^ = 0, then if supply voltage and
R, L the load impedance ^
Vb = R i1 + L ^  (10.1)
where i^ is the load current at any time t.
Solving eqn, 10.1 for initial conditions i^ = &ives
.  \
X1 ” R
-i / Rt \1 - exp (- )
To find an expression for ip the time interval can again be assumed
to start at tp so that
0 = L ^ 2  + Ri?
dt
Solving for initial conditions ip = ^(max) ^ ves 
’2 ~ ^L(max) ex^ L
R
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Now in equation (,10.2,) for t = tQ» i^ = ^L(max) an^ G(li:ia^ ^on (10*5)-for
t = t , i
o ’ 2 L(rnin)’ substituting and solving gives
Llmax 1 - exp (- ~  tQ)
1 + exp [- |  (tc + to) • o * (10*4)
and
V R
1 + exp [- £  (tQ + t0fj ...(10.5)
T TIf T is the inverter period then t + t = ~  and t - “  - 2D.r c o 2 c 2
Equation (10.4) can therefore be rewritten
L(Max) = 1 - exp 2D)]T 2_
R T ...(10.6)
Equation (10.6) is showh plotted in Fig. 10.2 for different ratios
of inverter period to load time constant. As expected the peak current
increases with this ratio or as pulse width t increases. Por high
frequencies this change is linear since the load inductance predominates.
At lower inverter frequencies the curves show a ’saturation* effect,
Vreaching the theoretical maximum current of __b . Since any pulse width
Rgives a unique fundamental voltage the graphs can be redrawn as in Pig. 
10.3 and enables the peak load current for any fundamental voltage to be 
readily obtained.
Before calculation can be made on the r.m.s. values of device ratings
it is necessary to establish their conduction periods. This is shown in
Pig. 10.4» The value of t is found from eqn. (10.2) since at t = ta a
11 ” °‘ This gives
ta gi°e 1 +
[l - exp (- -• t ) J  exp (- R t ) 
o '
1 - exp j- ... (10.7)
let I 21R’ ^ R  current integrals of i2 over tQ ,
.2 2
i, over t and i, over t - t respectively 
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L(max) 2R 1 - exp (
2R
i )o' .«« (10.8)
*2R
a 2
h -  dt
= (Ik)2 k  [^iog p - 2P + %  + 2 J . .0  (10.9)
Where P = 1 + L(min)
. , \ 7 r
'3R
ix2 at
(Ik)2 i
R R [ V  - log P + 2P exp (- ~  t )l7r L C ■E~ exp t ) ~ ^2 exp  ^ L V  2
Let
’TO ^ —  IT 3R ]
Therefore 1 ^  represents the current rating of thyristors CSR1 and CSR2 
which are not increased "by the free-wheeling effect of load current0
Solving
IT0 L r T/2 - 2D - log P + 2P exp (- T/2 - 2D ) 
RT I L/R l/r
~ 3/2) ... (10.12)
If Iy is the r.m.S0 current of the thyristor with the highest rating and 
the r.m.s. rating of the corresponding diode, then
T T [ X1R. + I3R } J
(10.13)
h ’ t1RT 2RT
\ 7 *
( XT )2 (^TO ) 2 +VR !#(log P - 2P + *1-
(10.14)
Equations (10.13) nnd (10.14) are plotted in Pig. (10.5) and (10.6).
The r.m.s. ‘thyristor current is seen to increase as the pulse width is 
increased or inverter frequency reduced* Both these increase the effective 
load current. The rating of the diode however reaches a peak at a certain 
value of pulse width and also at a certain frequency. These points can be 
found by examining equation (10.14) for maxima, but will not be done here.
It is often useful to know the r.m.s, battery current since this
determines the rating of connecting cables. It can be found as 1^, where
BR
or
lBR
^BR
2R
T (V./R):
' ITO
V R] )
...(10.15)
This equation is shown plotted in Pig. 10.7.
In addition to the r.m.s. supply current the mean current is important 
it gn 
is given by
since ives an indication of inverter input power. This current
lBM
a
i^ dt + i^ dt
a
i1 dt]
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Fig 10*5 Variation of the normalised, r.m.s. thyristor-current with the mark/space- 
ratio of the output, and the inverter period *
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Fig 10.6 Variation of the normalised r.m.s diode current with the mark/space 
ratio of the output, and the inverter period
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Pig 10.7 Variation of the normalised r.m.s battery current v/ith the mark/space 
ratio of the output, and the inverter period
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Pig 10.8 Variation of the normalised r.m.s load current with the mark/space 
ratio of the output, and the inverter period
BM = L/R 
Y J r T/2
T/2 - 2D + P exp («• T/2 - 2D ) - P
 l/r  L/R .**(10.16)
The r.m.s. load current ITr) is found by considering the effect of i0 over
lift c .
2 ,tQ5 i-^ over 2 t and i^ over 2 (t - ;.t ) for any cycle.
.*. ^LR =j" |  ^lR + I2R + I3R^ J
LR •
[
riD
2
TO
V 5. ...(10.17)
Equation (10.17) is plotted in Pig. 10.8. As expected both the r.m.s. load 
and battery currents increase with reducing frequency or increasing pulse 
width. Although the battery current is less than load current over most 
of the range this is not significant since input power is equal to the out­
put plus any losses.
Using equation (10.17) the previous graphs can be replotted to give
ratios of IL(max), , and IBR These are shown in Pig. 10.9 to
‘LR ‘LR LR Lr
Pig. 10.12 respectively. These curves are very useful for determining 
device ratings, as shown in Chapter 6 and Chapter 7* Pig* 10,9 shows that 
although for higher voltages the peak current to be commutated is between.
1 and 2 times the r.m.s. load current, this increases rapidly at small pulse 
widths when the operating frequency is low. This is due to the high 
harmonic content of the quasi-square waveform, and indicates once again the 
unsuitability of using quasi-square voltage control for low frequency (and 
voltage) operation.
Fig. 10.10 can be compared to Pig. 10.5* This shows that although the 
thyristor rating varies widely with control width and operating frequency, 
it changes in almost the same proportion as the r.m.s. load current so that 
their ratio over most of the range is substantially constant. Clearly this 
is a very desirable state of affairs. Although this is also the case for 
the diode current of Pig. 10.11 at higher frequencies^, there is considerable 
variation for low frequency operation. The diode rating decreases as the 
pulse width is increased since the time during which free-wheeling current
flows is also reduced. Increasing values of T/2, i.e. larger resistance,
L/R
also decays the diode current more rapidly so reducing the value of 1^ .
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10.9 Variation of the peak/r.m.s load current ratio with the output j
fundamental voltage and the inverter period
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Fig 10.10 Variation of the r.m.s thyristor/load current ratio with the 
output fundamental voltage and the inverter period
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Pig 10.11 Variation of the r.m.s diode/load current ratio with the output 
fundamental voltage and the inverter period
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Pig 10.12 Variation of the r.m.s hattery/load current ratio with the 
output fundamental voltage and the inverter period
value at which the thyristor/load ratio remained over most of. its range and 
is equal to _1_ .
f2
Following from Fig. 10.7 the r.m.s. battery current is ssen in Fig. 10.12 
to increase faster than the load current as the operating frequency is reduced. 
At the maximum voltage point there are no zero periods in the output so that 
free-wheeling current is absent. All the load current now flows from the 
d.c. supply and the ratio of battery/load current is unity.
The results derived so far have been on the assumption of zero inverter 
loss. This being so there is power balance at every stage. If Cos / be the 
power factor of the load then
XLR VLR 003 * = 1
v
BM b
where 1 ^  is the total r.m.s. load current, including harmonics. As seen 
from Chapter 3 the total r.m.s. voltage is related to the d.c. voltage by 
equation (3*2)
Therefore Cos / = I
I
BM * Vb
LR LR
BM
CLR
1 - D
T/2 ...(10.18)
Fig. 10.13 shows tha variation of the load power factor with frequency 
and control width. It may seem odd that power-factor a,t any frequency is 
not fixed although both L and R are assumed to be so. But it must be 
remembered that the applied voltage is not sinusoidal, so that each harmonic 
must be treated individually, and the harmonic composition of the wave changes 
with pulse width control. Fig. 10.13 shows an increase in power factor
as frequency is reduced and load resistance has a greater effect. The curves 
converge at low voltages where the harmonics become a greater percentage of 
the fundamental. This also accounts for the decrease with reduction in 
pulse width at any frequency.
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Push Pull inverter without commutation components
A push-pull inverter was shown in ^ig. 3-4 and its operation explained 
with the help of circuit waveforms as in Pig* 3*5* la Chapter 3 the push- 
pull inverter was compared with a bridge inverter and it was stated then that 
the most usual form of circuit operation is when there axe no zero periods 
in the output load waveform* Such a system will be considered here, Pig. 
10.14 giving the load current and voltage along with the numbers of the 
conducting devices. If R and L be the reflected resistance and inductance 
of the load on each half of the centre-tapped primary winding, then with 
the same assumption made for the bridge inverter the circuit equation can 
be written down as before. The results obtained will be identical to the
bridge inverter if the following logical substitutions be made,
)itQ *=0 and D *= 0 { ...(10*19)
■^ L(min) ~ ^L(max) )
These results are shown plotted in the graphs of Pigs. 10.15 and 10.16.
T/2
For greater clarity current variations with rryg are considered and theirL/ K
ratios to the r.m.s. load’current is given. It should however not be for­
gotten that the r.m.s load current values in this analysis are those seen 
by the load if it were connected to a secondary on the main centre-tapped 
transformer, such that both half cycles of load currents passed through it.
If this is not the case then, although the effective loadcurrent is still 
as given above, to determine the rating of the winding the r.m.s. value must 
be multiplied by ^  of the value given. This was discussed in chapter 3*
Pig. 10.15 again shows the "saturation” effect at low frequencies with 
peak currents reaching the maximum V^/R. Pig. 10.16 which gives the ratio 
of Ij^^ ^ /lj^ p can be misleading here since it shows the ratio falling with 
an increase in frequency. This is not due to a decrease in IT but 
rather due to the peak current increasing slowly, being close to unity, 
whereas the r.m.s. load current increases at a faster rate.
Since there is no zero load voltage period all the load current flows 
via the supply, and the d.c. source and load currents are equal at all 
frequencies. Mean battery current increases as the frequency is reduced, 
but so also does the r.m.s. load current. Pig. 10.16 shows that at lower 
frequencies the battery current increases rapidly with the load, the increase 
slowing down as frequency reduces. The large load reactance at higher 
frequencies results in a power factor close to 90°E so that the mean battery 
current is low, ratio of 1 ^  to 1 ^  being small. This is also seen by
comparing the r.m.s. thyristor and diode currents. At high frequencies these
::::
Fig 10.15 Variation of normalised peak load current and r.m.s device currents 
with inverter frequency, for zero output dwelve periods
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Fig 10.16 Variation of peak load current and r.m.s device currents as a ratio 
of the r.m.s load current, with inverter frequency
As the frequency reduces the power factor of the load increases and the 
thyristor current increases roughly proportional to the decrease in diode 
current.
A coupled-pulse commutated bridge inverter
One type of couple-pulse inverter, popularly known as a Modified 
McMurray-Bedford circuit, is shov/n in Fig. 10.17* This inverter will he 
analysed to obtain a method of calculating the values of commutating 
components and determine their effect on device ratings. The assumption 
made in previous considerations still hold here. In addition the following 
are assumed.
1# Centre-tapped inductors Lq have zero d.c. resistance and no leakage
reactance.
2. Capacitors have negligible series inductance and are 'lossless1.
3. The load current remains substantially constant during the commutation 
interval. This also means that Lq is small compared to load inductance 
L.
4* The commutation interval is short relative to the inverter period.
Therefore the waveforms of Fig. 10.1 are unchanged, and the analysis 
given there still hold.
As seen from Fig. 10.1 there are four commutations per cycle, the • 
requirements being most exacting at tg and t^* Therefore one of these, 
say that at t^, will be considered below. Fig. 10.18 shows the circuit 
waveforms during this commutation interval. It is important to keep in 
mind that time scales have been expanded so that what was shown as a 
vertical line at t^ on Fig. 10.1 now occupies the whole horizontal axis. 
Thyristors CSR2 and CSR3 are conducting load current, which has
reached a peak of Capacitors C^ and are charged to voltage
and Cq and C^ are at zero voltage. Lq being small compared to load 
inductance L the voltage across it can be ignored. Thyristor CSR1 is now 
fired. If leakage inductance of Lq is assumed negligible this thyristor 
will instantaneously take over conduction of current from CSR2 which
will be turned off. (NB. in practice the rate of rise of current in CSR1 
is limited by leakage inductance of Lq, inductance of ..loads and finite 
turn-on time of CSR1, else the device would be destroyed.) Capacitor C^ 
begins to discharge and C2 to charge.
. Assuming that the time interval commences when CSR1 is fired, then the 
following initial conditions apply
Fig '10*17 A coupled—pulse commutated bridge inverter
CSR2
CURRENT
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CSR1
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C2
VOLTAGE
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: CSR2
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Fig 10*18 Circuit waveforms for the inverter shown 
in Fig 10.1? during the commutation of 
thyristor CSFef
Where i is the current in thyristor CSR1 at time t. The circuit equations 
during this stage (time t^ in Fig. 10.18) are
ia + rL(max) ” 1C1 + iC2 ...<10.21)
(p j  dt - y  j  i ^  dt = E ...(10.22)
L d la + •=—  ( i„- dt - 0 ...(10.23)
° dt 1 ) C
Equation (10.21) represents the sum of the currents at the centre-tap
of the commutation choke, equation (10.22) is the voltage round the loop
including the supply and equation (10.23) is around and Lq only.
Taking <= Cg = *= C, which is the most usual arrangement of
a balanced bridge, and solving equations (10.21) to (10.23) for initial
conditions given in (10.20) the value of i is found asa
t . „ r 2c V /\ ti * 2 IT / \ cos ■— = =  + V, r—  sin - I. / \a L(max) b [1 j , L(max)
o * o
...(10.24)
Since the voltage across the two halves of choke Lq must be equal
the voltage round loop V^, CSR1, Lq , Lq , CSR2 gives
V, s 2 L d i& + V ...(10.25)b o ■ .  c ' 7
dt
where V is the voltage across thyristor CSR2, that across the conducting c
thyristor, CSR1, being taken as zero.
Substituting for i from (10.30) gives
a i2 L 1 2 . t _ TT t
o I I,, x. s m  ---- - 2 Y. cos — --- •
—  j 1(max> /FITc b J T i c
...(10.26)
The turn-off time t„ as seen by thyristor CSR2 is found from equation
£
10.26 by equating V to zero and solving for t = t„ This givesc d .
V « V. + 2 c b
The voltage across capacitor is found from eqn. (10.23) by
substitution for i from (10.24). , Time interval t., will end when this
a  jl
voltage falls to zero. Therefore putting = 0 and t » t^ gives
tan
2 IL(max)
" 2C~
2 -j
Lo_ ..(10.28)
At this instance the current in CSR1 has reached a peak value of I 
T/hich can be found by substituting i - I t « t^ in equation (10.24)
pk
j* a 2 COS
L(max) / T lI L(max)
2C
L
o J
s m
1/2 L Cw n
...(10.29)
A new phase now starts at t^ which last for a further time t^.
Diode D, is now forward biased and carries the current in L , i.e. I ,1 . o pk,
and the load current which was previously supplied by C^. This
load current is assumed constant but the current in Lq starts to decay round 
the path CSR1 - L - Dl^, the loop equation being
d i
dt
a + R i + V , e a d 0 ...(10.30)
where R is the effective loss resistance of the loop and V. the sum of e d
voltage drops across the thyristor and diode. Device voltages will vary 
with the magnitude of the current flowing through them but are assumed 
constant here. If the time interval be taken as comraencBncing at the 
begining of t^ then the initial conditions is i& = Solving equation
(10.30) with this gives
V, -R
1 = (l ■+ *5“a N pk R ) exp ( t) - R ...(10.31)
Time interval t0 ends when i = 0. Therefore substituting i< - 3 /  8*
into equation (10.31) gives 
L
= 0 , t = t,
log. 1 +
R I .e pk
It is important that the energy stored in Lq is completely dissipated 
before the next half cycle when CSR2 is fired to turn CSR1 off. If this is 
not done then the excess energy (current) is transferred to CSR2 causing 
Cg to discharge at a faster rate and so reducing the turn-off time seen 
by CSR1. It will be seen later that the decay of this peak current should 
be made much shorter than a half cycle in order to reduce the r.m.s. current
It is equal to the peak energy stored in Lq and is therefore give by 
\  “ * Lo (lpk)2 ...(10.33)
Equation 10*33 can be rewritten as
-1
WT L(max)
1 1 0
1?
^pk
2
...(10.54)
20
0
■^ L(max)
Pig* 10.19 shows turn-off time, peak current and watt-loss factors
as derived from equations (10.27) to (10*34)* Prom these curves it is seen1
that the watts loss ratio has a minimum value close to IL(max) 
rb
L -1 0
2C
= 0.8,
the variation between 0.6 and 1*0 being slight. Below 0.6 the peak current 
and commutation loss increases steeply although the available turn-off time
also increases. Working on the minimum loss point, 
I,'L(max) o
20
= 0.8 .**(10.35)
J& L
L(max)
- 1.35 ...(10.36)
and
2 cos
J T T c
2 sin
F
J T T c
-  1
1.6 ...(10.37)
Solving these equations for Lq and C gives
L_ * 2.76 V, T*o b —------
L(max)
and L  IT/ \
c - 2.15 F
b
... (10.38)
The turn-off time t^ , for any device is normally specified at
X
a certain reapplied rate of voltage rise across it. This can be found 
by differentiating equation (10.26) at t = t^, the value of t^ being 
substituted from equation (10.37)* This gives
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Fig 10.19 Variation of peak current, turn-off time and commutation loss 
factors v/ith the maximum load current factor for the inverter 
shown in Fig 10.17
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dt
t - tp
From these equations it is seen that to commutate 10 amperes from 
300 volts d.c. using thyristors with 20 microsecond turn-off time would 
give C a* 1.43 microfarads, Lq = 1*66 milliheneries and —  = 16 volt/ 
microsecond* For 300 amperes at 10 volts the corresponding figures are 
1290 microfarads and 1*8 microheneries* These are clearly impractical 
values, the inductance of connecting loads probably being larger than this* 
Therefore the commutation method used is unsuitable for low voltage high 
current systems.
1 V/ c •
L 0 o .*.(10*39)
The analysis so far has been concerned with choosing optimum circuit 
conditions to give maximum efficiency. It is now required to find the 
effect of these on device ratings. The equation of the current through 
CSR1 during t^  can be found from equation (10.24) and (10.28) using 
equation (10.35) '
 ^ t ^L(max) , t • _
1, = 2 IT/ s cos + “ n o —  sin  ■ - IT/ \ ,n\1 L(max) y2 L c 0.8 y2 L C L(max) ...(10.40)
t, . -11 = tan
From Fig. 10*7 it can be seen that the shorter time t2 is made the 
lower will be the r.m.s. contribution by the current flowing during this 
time to the rating of the thyristor and diode through which it flows. 
However to reduce t2 means an increase in Rq with a consequent voltage 
across the load during the period to (Fig. 10.l) and higher running losses. 
(Assuming represents additional resistance placed in series with the 
free wheeling diode). There is no one acceptable solution for all cases. 
Some inverters may be using devices which are over-rated such that larger
r.m.s. currents can be acceptable, or it may be more critical to optimise
1
1.6
= 0.559 ...(10.41)
it is always important to ensure that t2 is less than half a cycle to 
prevent commutation failures, as mentioned before. Since the choke Lq 
and conducting leads all have d.c. resistance it is usual to initially 
estimate their value and test for If it is too long (say 10/> of cycle
periodic time) then Rg can be increased to a convenient value and t2 
again checked.
Time t2 can be found from equation (10.32), using 10.35 as
= o log£
2 R Ce
1 +
Re 1.35 IL(max) ..(10.42)
Since is the drop across one thyristor and one diode it will vary 
with different inverters. It is necessary to specify this at the start 
of a problem (the minimum value for the device at full load current should 
be taken as a rough guide).
The tkyristor current i2 during period t^  can be found from (10.31)
V, -R t V
*2 - 11-® \ { m x )  *  r ) “ p ( r - )  - r' ' e 0 e
...(10.43)
Now if the r.m.s. current flowing through a diode due to commutation
be denoted by 1^, then
(JDi) (i2) dt
where T is the periodic time of the inverter.
Putting P
1.35 IT/ \ R, . . ■ L(max) e= JL + 1 ' 1 ‘ ' and sloving gives
“D1 R
r l 10
2TR J- e J L
(P - 2) + 2 log P - 1e ...(10.44)
Denoting the r.m.s. commutation current through the thyristor by 
1^ and noting that it is the sum of i^ over t^  and i2 over t ,^ then
Substituting and simplifying this gives
U T1) -
X—t 2
- 2- iT? . Jz l c + (i™)2 ...(10.45)T L(max) v o v Dl' _ v '
Equations 10*44 and 10*45 are shown plotted in Fig. 10.20 and 10.21 
respectively. These graphs were calculated by selecting Lq for a given 
value of V^ , ani tp from equation (10.38) and then substituting in
the above equations. The value of V^ was taken as 2.5 volts and
R =
® j
* L(max)
This gives values of t2 below 2 milliseconds for the worst case 
of 500V d.c., 100 amperes and 40 ps turn-off time devices. The following
should be noted /—  ,--
• (i) The ratios of ^Dlv ^ and ^T1* ^  were found to be
^L(max) L^(max)
substantially constant for a fixed V^ and tp irrespective of
^L(max)*
(ii) The ratios vary slightly with V^ the variation being greatest 
at lower voltages.
(iii) The ratios increase as the turn-off time of devices increases*
This is to be expected since the lower the turn-off time the
longer the commutation pulse must last.
(iv) The r.m.s. diode current is less than the thyristor current
for any value of t_ but the difference is not very large.j
All in all therefore the contribution to the device current ratios 
due to commutation is seen to be fairly constant varying significantly 
only with turn-off time.
Fig. 10.20 and 10.21 show diode, and thyristor r.m.s. currents as 
a ratio of L^(max) where T is the periodic time of inverter operation,
T1 atTherefore for an operating frequency of 10 Hz the value of -j-----
0.0248 Ii(max)
40 ps would reach a peak of J~q ~\ 28
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current product and the thyristor turn-off time.
This is negligible compared to the r.m.s. contribution of the load 
current which from Fig. 10.10 and 10.11 would be greater than 0.35 iT f \ 
over most of the control range.
If now the inverter frequency be changed to 1 kHz, however, the 
value of T^l is = 0.79 which is greater than the above value
■*'L(max) * ' 001
« 0.35.
It can therefore be concluded that whereas this commutation method is 
suitable for low frequency operation it leads to large increases in inverter 
ratings at higher frequencies.
The watts loss per commutation as given by equations (10.33)* (10*36) 
and (10.38) is
L 2 F ™  M
- 2.52 ■tp ^ I M
Fig. 10.22 shows the plot of this equation. Once again it must be 
remembered that this is loss per commutation. Therefore for 40M5 an<^
g'o 000 Zoo
V. I?/ \ = 50,000 the total energy loss per second at 10 Hz = 5® watts
d jL^max; " ZoPoo
but at 1 kHz it is v/atts. The input mean battery current is
less than h^e ratio at high frequencies being very small. Therefore
the d.c. power input is less than Y  ^^L(max)* ®ven assuming it was equal 
to this the loss factor due to commutation losses alone would be
ito Pot,
ss 0.1*-giving a maximum theoretical inverter efficiency of (§096.
At-19 kHz frequency the l-o&s faoter is i so- the ef-f-ie-icnoy is -zero.
This again shows the unsuitability of this inverter for high frequency 
operation.
Parallel Commutated push-pull inverter
Fig. 10.23 shows a typical parallel inverter including commutation 
components and Fig. 10.24 gives the waveforms during the commutation from 
CSR2 to CSR1.
CSR2 is carrying load current which has risen to Capacitor
0^2 is charged to a voltage equal to that across CSR2 and L^ . These can
be ignored, as was done for the bridge circuit, if the rate of current
change through is small. Therefore is at zero volts. Voltage 
across YZ of the load is V  ^and for close coupling this induces V^ in XY
such that is charged to 2V^ volts.
t>2.
Fig 10.23 a no-non ,
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Fig 10,24 Circuit waveforms for the •
in Fifr ao.23 du’-ina- the ~ lnverter shown 
thyristor CSS2 c°mmtation of
CSR2 which conducts Ij provided by the discharge of C^. In addition
currents i^ and i^ flow in the load as shown. Assuming the load time 
constant to he large in comparison with the commutation interval their sum 
will always equal *
As discharges capacitor will charge and for ^
the capacitor currents are equal. The following equations can he written 
down for Pig. 10,23.
L d i , rp  a + 1
dt C
V J
iCl ...f10.46)
il “ 1q2 ..,(10.47)
i~2 + = ^02 ..0.(10.48)
h  + i 2 “ ^L(max) ...(10.49)
where iQ is the current thruugh thyristor CSR1.
cl
Equation (10.46) is the voltage equation round C CSR1 and 
and equation (10.47) to (10.49) are current sums at points Z, X and across 
XZ.
Differentiating (IO.46) and substituting from (10.47)» (10.48) an^ 
(10.49) gives the differential equation.
2 . .
a Xa + Xa + L(max) = 0  ...(IO.50)
dt2 2C L 2 C L
P P P P
For initial conditions
t - 0 )
)
*a = ■'li(max) ( ...(10.51)
)
L d *a = 2 V v
p “dt b
The solution of (10.51) gives
L p J V p
...(10.52)
The battery voltage branches over two parallel paths the circuit 
equation of which are
and
V. = Tv„ + V + L d 1a
b YZ 0 P ~ d T
where V is the voltage across thyristor CSR2 c
Since the voltage across the two halves of the windings are equal 
and opposite at all times, the sum of the above equations give
V = 2V. + 4 IT , , -r-£“ sin *c b L(max) 2 C
J 2 L CV I)P P
- 4V, cos ;---- ..(10.53)
p p
The voltage across thyristor CSR2 is therefore ~2V^ at t = 0 and
rises positive with time. The turn-off time t„ ends when the voltage reachesi?
zero. Therefore putting V_ = 0 and solving the t^ givesc i?
2 cos JF
- h(max)
2 sin 'F
2 C
J2 L C 
v P
...(10.54)
The voltages across is given by equation 10.46 as
d ia
VD1 dt
and from 10.52
V~ = 2 IT ( ,D1 '■ L m^ax; 2 C. sm - 2 cos
7 2 v
...(10.55)
p p
When this voltage goes positive starts to conduct. At this stage 
C  ^is at zero volts and a-t 2V^ . carries the current flowing 
in L , that is I . , and also supplies load current I.pk ‘L(max) which has been
assumed constant, back through XY and into the supply. If t^  denotes 
the time interval before this occurs (Fig.10.24) then for « 0 and t = t 
in equation (10.55)
tan -1
P P
"L(max) LL P
..(■10.56)
The peak current reached I ^ at t^  can be found from (IO.52) by substituting 
for t^  from (10.56)
j*L
2V,
L(max)
*» cos
/2 L C P P L(max)
r 2 c
L
1 
_  2
sin
J 2 L C 
V P P
-  1
...(10.57
The current flowing in now decays, reaching in time
tg when all the energy stored in has been dissipated in the D^ , CSR1
L loop. If V, is the volt drop in this loop (due to thyristor and diode, 
P ^
and is assumed constant) and R the effective resistance, then the loopO
equation is given by
d i
dt
a + R i + V ,e a d 0 ...(10.58)
For initial conditions t «= 0, i = I , the solution of equations (10.58)a px
gives
' -R V.
ia = (Ip k + i r > e*p( - T - * )  - r
r  e p e
...(10.59)
and t9 is given by i = 0 a
/  loge 1 +
R I .e pk ...(10.60)
Since energy stored in L at the end of a commutation is lost inD,
P 1
during tg» the watts loss per commutation equals
WT = L (I . )2L 2 p x pk' ...(lO.61)
a bridge circuit. By choosing the right ratios of Lq to and C to 
they can be made identical.
Comparing (IO.27) and (10.54) equality in turn-off time t^, exists if
L 2 L
=  2,
2 C
P
9 * ^  = 4 ...(10.62)
C C
P
Similarly from (10.28) and (IO.56) providing (10*62) holds equality in 
exists for
L C = L C ...(10.63)P P o .
Therefore‘from (10.62) and (IO.63)
L = 2 L
P o
C - £P 2-
...(IO.64)
This relation is borne out by the remaining circuit equations where on
substitution the bridge and parallel inverters are seen to give identical
solutions. Therefore equation 10*38 can be used to derive L and C when
P P
used in conjunction with (10.64)# Similarly results found for increase in
device ratings, watts loss, etc. again apply. But it must be remembered
that L is now twice L whereas with this relation I , is still 1.35 IT/ \ p o pk L^max;.
Therefore the watts loss per commutation given by
1 21 L I .2 p pk
is now twice that of a single bridge commutation. However now there .are
only two commutations per cycle, although both are at peak load current,
so that the nett loss per cycle is only slightly larger than for a bridge
(which has two commutations at peak current and two at minimum current).
For a parallel inverter the ordinate of Fig. 10.22 should therefore be
multiplied by a factor of 2. Similarly equations (IO.42) and (10.60) show
that if R and V, are the same as those in the bridge then the value of t0 e a 2
is doubled. From equation (10.44) and (10.45) the r.m.s. commutation current 
in diode and thyristor is seen to be increased by a factor of J I T so that 
the ordinates of Fig. 10.20 and 10.21 should be multiplied by this value.
used. Only one commutation capacitor is now required. Circuit wave­
forms are as in Fig. 10.24 but capacitor voltage varies from +2V^  to -2V^
in time tn« Therefore with CSR2 conducting load current IT/ s , C ,T is 1 & L(max) pN
charged to 2V^  with plate 1 positive. When CSR1 is fired CSR2 is reverse 
biased. C starts to discharge, the commutation interval ending when its
i'll
voltage is zero. Thereafter recharges with plate 2 positive. When 
its voltage reaches 2V^ the current in L ^  has reached.I ^ and begins to 
conduct dissipating this energy.
An analysis as for Fig. 10.23 will show that the results derived there 
apply here as well provided that
L w - L )pN p j
C
C = ■—R-
pN 2
< ...(10.65)
Therefore the difference between the two parallel inverter commutation 
method is that Fig. 10.25 uses one quarter the capacitance value (i.e. 
only one of half cycle) compared to Fig. 10.23 but this is now rated for 
an alternating voltage.
pN
Z\ o.
p N
Pig 10.25 Another arrangement of a parallel capacitor 
commutated push-pull inverter
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